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Αbstract 
 
 
Fuel is the main pillar of the industry and transport. Therefore the growing need for 
continuous monitoring fuel has set the bar in measurement precision too high. To face this 
very problem, specific spectroscopy techniques have been developed, which in combination 
with particular data processing can provide quick and immediate solutions, predicting 
gasoline and diesel properties with fairly good approximation. 
 
Gasoline and diesel are complicated samples and consist of many compounds. They consist 
of organic compounds with, as all molecules, various characteristics in their structure and 
consequently in the bonds connecting the atoms in their molecules. For example, some of 
them are changes in the angle of the planes formed by methyl groups, or something simpler, 
the extent and oscillation of C෥H bond. 
 
Infrared light is divided into three regions, near (proximal), mid and far (distal) IR. In the 
current work the mid infrared extending from 400 to 4000 cm
-1
 is studied. When the mid IR 
light is incident on fuel samples under specific conditions, interacts with them and light 
absorption occurs. This absorption is due to oscillations between the atomic bonds of the 
sample molecules. This process is the Infrared Spectroscopy. If this process is combined with 
Fourier transformation of the absorption signal, then it can be imprinted by means of 
mathematical relationships to create a spectrum. The part of the spectrum between 500 
to1600 cm
-1
 is also called fingerprint section, because it is characteristic of each substance. 
 
To obtain a spectrum with FTIR a particular arrangement is needed which together with the 
interferometer form a spectrophotometer. Such an integrated device is the Eraspec apparatus 
that was used for the experimental measurements. By applying the Beer Lambert Law in the 
function of the interferometer and the light beam, and by converting the analog signal to a 
digital one, the spectrum is obtained on the display of the device. In order for the spectrum to 
be useful, it must give some information to the user. Also the device in order to be able to 
determine and predict the properties of the fuel, its software must be supplied with other 
samples spectra of known properties, so as to make comparisons with the unknown samples. 
 
The Eraspec instrument is used for measurements on gasoline and diesel. From the 
manufacturer data are set for both types of fuel, i.e. it is calibrated with hundreds of samples 
of known properties loaded in its libraries. However the manufacturer is recommending 
further calibration with samples of known properties from the local refineries, namely Motor 
Oil Hellas and Hellenic Petroleum (EL.PE.). This is suggested because the unknown spectra 
that will be encountered by the analyst will certainly be closer to the standards of the above 
refineries, and hence the results will be more accurate. Furthermore the supply of crude oil to 
the refineries may change so that the standards change again slightly in relation with the 
samples under testing. This might seem difficult at first glance, however, it could be proven 
much useful and easygoing. 
 
The identification made by Eraspec instrument in its software, is not a simple comparison of 
spectra, but based on mathematical statistical methods the best available prediction of 
properties is brought about. The methods used by the device are the MLR (Multi Linear 
Regression) and the Cluster Analysis (CA). These methods can give aptly conclusions about 
the properties of unknown samples of the same kind, from a spectral portion whose 
properties are known. Moreover, the device displays the results in relation to convening the 
Mahalanobis result and distance, which in a way is a measure of the method accuracy. 
 
This was the main objective of the work: The enrichment of the Eraspec instrument database 
with spectra from the Greek refineries. In total 49 samples were taken with measured 
properties. These samples were carried to the laboratory and within a short time were entered 
in new libraries of the instrument, made by the user. 
 
The procedure was the same for diesel and gasoline. The user after the measurement takes 
the spectrum, types the properties from the analysis reports and stores them in the library. 
The properties required by the library are: RON, MON aromatics, olefins, IBP, T10, T50, 
T90, FBP for gasoline and Cetane number, Cetane index, Cetane improver, aromatics, PNA, 
IBP, T10, T50, T85, T90, T95, FBP for diesel. From these parameters the Eraspec instrument 
calculates all the other properties. Obviously the user depending on his needs may change the 
peak or the MLR model, with regards to the properties he is interested in. 
 
At the end of the experimental procedure, several spectra were obtained from the device via 
a  USB. Actually, absorption values were obtained and then using Excel with processing and 
mapping to specific wavenumbers, there was a spectrum received. Specifically 8 gasoline 
spectra were obtained, seven from refinery mixed fractions and one from gasoline station 95 
RON, while for diesel the spectra taken were from 6 samples, of which five refinery fractions 
from different processing units (hydrocracker, hydrotreater, synthetic etc.). Then, these 
spectra were compared to each other and their differences were identified. Very 
characteristic was that at very strong or faint absorptions, the values showed error. This has 
to do with the signal to noise ratio. The more light a substance absorbs the less light reaches 
the detector, resulting in incorrect recording. The same applies in the reverse case. The most 
complete record of the spectra occurs at the part known as the fingerprint part. The user can 
guess and compare the spectra manually, following certain rules. 
 
The techniques based on IR spectroscopy are the most appropriate for predicting fuel 
properties. The benefits are based on its three features: analytic, spectroscopic and 
instrumental. These techniques are based on the movement of fundamental particles, which 
means that detections are done almost at the molecular level and therefore with very high 
accuracy in results. In addition, with the development of computers and the very fast data 
processing, valuable time is saved by analysts. The statistical methods very rapidly converge 
to a result or the estimation of many properties can take place by measuring a few of them 
with the instrument. Generally the method as a whole process is very quick and cheap, 
because among others, does not require specialized personnel. A single member of the 
laboratory, knowing the basics can begin to conduct typical measurements. Therefore the 
method is also called "the one button method". 
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1. Introduction 
  
1.1 General 
 
Today when developments in industry run rapidly, there is constantly a growing demand for 
rapid quality control and analysis of fuel. This has triggered the growth of portable analytical 
equipment which enables in situ analyses, comparable in performance with those in 
laboratories. Their design makes it easy for non-expert users to carry out complex analyses, 
while the extent of the analysis is significantly reduced taking into account that the 
measurement takes place outside the laboratory. 
 
Such an analytical instrument is the Eraspec of the Austrian firm Eralytics GmbH. This work 
dealt with the calibration of this device, using samples from the Greek refineries. It is well 
known that all modern analytical instruments in order to function effectively they must be 
calibrated, i.e. to have some starting points (standards), on the basis of which they may 
predict properties or measure unknown samples. For example, a precision balance needs a 
calibration at regular intervals. That can be accomplished by weighing objects of known 
mass. This way the user with his action basically "teaches" the instrument, how much is one, 
ten or one hundred grams, depending on how the calibration takes place. In other words the 
instrument "understands" the quantity "one gram" so that when an object of unknown mass is 
placed on it, through simple mathematics it calculates how many "one gram" are equivalent 
with this object and based on this, exports the result. All this is based on an initial convention 
which the international community recognizes as acceptable mainly for communication 
purposes. However the case of the precision balance is simple, since mass is constant in all 
countries of the world and the weight has no significant differences, except in rare cases, 
when a laboratory is located at high altitude. Moreover the calibration weights are not altered 
with time pass. 
 
Unfortunately regarding the calibration of the spectrophotometer things are much more 
complicated. The infrared radiation by itself presents difficulties in handling the 
interpretation of the spectra generated when interacting with fuel.  Fuels by nature (gasoline 
and diesel) are complex mixtures of hydrocarbons so that their spectra are complex too. 
Therefore it makes sense that their interpretation is very difficult. This requires the 
development of complex mathematical models to convene to a result through comparison 
with the standard spectra. Moreover, to obtain standard samples for the calibration is a 
difficult process as in Greece it is strictly forbidden to export any fuel out of the refineries 
due to tax purposes. This fact, in combination with the limited lifetime of the samples after 
their receipt, makes the calibration of Eraspec a particularly laborious process. 
 
 
1.2 The workflow 
 
To make the calibration first we should obtain samples from the Greek refineries. This 
process proved to be very complicated because as mentioned above it is strictly forbidden to 
export the fuel out of the refineries, even though it is small quantities. Even if the fuel 
sampling was made by the head of the laboratory, the samples should exit the refinery 
unseen. Moreover the managers in the refineries as well as the auditors are too busy so that a 
delay in the preparation of the samples seems to be unavoidable. It should be noted here that 
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not only sampling but also matching each sample with the corresponding certificate 
specifying its properties must be carefully controlled. In the main part of the paper there is an 
extensive presentation of the certificates. It is obvious that not all the samples were taken in 
one visit but little by little at intervals, always according to the program of enrichment of the 
NTUA libraries. This fact, i.e. that the samples are not all taken at the same period, is 
positive in the sense that, depending on the tank of the fuel or on the origin of the work or the 
composition of the produced gasoline and diesel, they are quite different. 
 
With the aim to take full advantage of the samples it was necessary the student to be trained 
in Eraspec software and the environment of his work. In theoretical level this was done with 
the assistance of a technician who was trained in the factory where the instrument is 
produced and with intensive study of the instruction manual of the instrument. It should be 
noted here that in case of any serious problem concerning the settings or any blocking of the 
software (bug) the student could contact the person of the factory responsible for software 
issues in Austria. On a practical level, the first test measurements were performed with 
gasoline and diesel from a gas station. It should be noted that the student was trained 
extensively in all functions and accustomed to all the sensitivities of the instrument software 
and not only in the operation regarding the calibration. Thus it was necessary to study the 
whole theory of IR spectroscopy, which is the basic principle of the instrument function. 
More specifically, in the work it is clarified why FTIR is the focal point of the instrument, 
and also all the benefits of this method for the specific application are presented. A step 
further, besides the FTIR principle, the export and matching of the spectrum in terms of 
quality and quantity of data, there also exists the issue of identification. Obviously no sample 
is the same to some other and an exact match between a standard and a sample under 
measurement is also impossible. Therefore, various methods linear and non linear using 
mathematical models that offset existing spectra with their properties and predict the 
properties of the test samples with high accuracy, have been developed. 
 
In purely experimental part, it is necessary to present and describe the process of a 
measurement always aiming to enter standards in the libraries of the instrument. Besides the 
process of measurement is the same whether the operator intends to enter a standard or not. 
Together with the description of the measurement process, diverse details associated directly 
with it and with the theory as well as other applications dealing with tweaks for better 
handling of the instrument, are presented. Finally the measurements take place, and the 
spectra of various fractions of gasoline and diesel are obtained. 
 
The experimental procedure in essence is the process of measuring the samples and entering 
their registered properties into the libraries. 
 
 
2. Theoretical background 
 
2.1 Introduction to Spectroscopy 
 
Infrared Spectroscopy is based on the interaction of matter with the infrared light. It is based 
on the fact that the molecules absorb specific frequencies, characteristic of their structure. 
These absorptions are characteristic frequencies. For example, the frequency of the absorbed 
radiation is characteristic of the energy transfer from the bond or from the vibrating atom. 
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This energy is defined by the shape of the active surfaces of the molecule, by the mass of the 
atom, as well as by the relevant electro-oscillatory couplings. In order for an oscillation 
pattern in the molecule to be "infraredly active", i.e. to be able to imprint a spectrum, it must 
be related with changes in the dipole. Thus the permanent dipoles are not imprinted, but only 
those that change instantaneously. 
 
Proceeding one step further, a molecule can vibrate/oscillate with various ways, and each 
way is characteristic. 
 
Molecules consisting of N atoms: 
 
- Linear molecules of this type have 3xN−5 vibration/oscillation degrees of freedom, while 
- Non-linear molecules have 3xN−6 vibration degrees of freedom. 
For example water (H2O) which is a non-linear molecule has 3x3?6 = 3 degrees of freedom 
in vibration. 
 
The types of vibration are: 
 
● Stretching: change in bond length, such as C-H or C-C. 
● Bending: change in angle between two bonds, such as the H-C-H angle in methyl group. 
● Rocking: a change in the angle between a group of atoms such as a methyl group, with the 
rest of the molecule. 
● Wagging: a change in the angle between the plane of a group of atoms, as in methyl group, 
with the rest of the molecule. 
● Twisting: change in angle between the planes of two groups of atoms such as a change in 
the angle between two methyl groups. 
● Out-of-plane: a change in the angle between any of the C-H bonds and the plane defined 
by the remaining atoms in the molecule of ethylene. Another example is the BF3 when B 
atom moves into and out of the plane of fluorine. 
 
Simple diatomic molecules have only a single bond between their atoms and only one 
oscillation/vibration band. If the test molecule is symmetrical e.g. N2, the oscillation band is 
not imprinted in the IR spectrum. Non symmetrical diatomic molecules e.g. carbon 
monoxide (CO) absorb in the IR spectrum. More complex molecules have more bonds, and 
the oscillation/vibration spectrum they give is obviously more complicated. Large molecules 
for example, have many peaks in their IR spectrum. 
 
 
2.1.1 Advantages of spectrometric techniques 
 
The superiority of NIR, MIR and RAMAN spectroscopic techniques is big. The techniques 
are many and applicable in diverse areas. Table 2.1.1 shows the main characteristics of these 
techniques. The characteristics are categorized into three categories: analytical, spectroscopic 
and instrumental. For each of them and each technique, there has been added a small design 
where it is indicated whether a feature is an advantage, partly advantage or disadvantage. 
The references where these features are originated from are included in Table 2.1.1. 
 
 
1
0
 
 
Table 2.1.1 
Analytical, Spectroscopic and Instrumental characteristics of the NIR, MIR and Raman spectra 
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2.1.2 Analytical characteristics 
 
The analytical characteristics of the near and mid IR spectroscopy have some features that 
make them catalytic in the area of laboratory analyses. One important factor is time. The 
example of determining the concentration of iodine in a solution is used here. The time 
required for this determination using a conventional technique, e.g. a colorimetric method, is 
30 to 60 minutes, whereas with a spectroscopic technique from those mentioned above it is at 
most 5 minutes. Generally the duration of analysis in industrial samples is very important 
because products like food or fuel may be spoiled, while the production still goes on and new 
batches should be checked. 
 
Another advantage of spectroscopic methods is that no sample preparation is required. The 
form of the sample and its quantity are not prohibitive. 
 
Spectroscopic techniques are relatively inexpensive since they do not require time or the 
presence of catalytic substances. More specifically spectroscopic methods could be 
particularly useful for research programs since they allow the selection and consequently the 
reduction in the number of samples for analysis. The spectra allow the researcher to explore 
a number of samples before deciding what he must measure through the use of a 
conventional technique. As mentioned by Ian Murray "Within a closed population of 1000 
samples it is best to use the spectral solution for 100 representative samples for reference 
analysis, since after proceeding to calibration it will be easy to predict the rest 900 of them". 
So the investigator saves 90% of laboratory work. 
 
Additional advantages of spectroscopic techniques are 1) structural analysis 2) qualitative 
and quantitative determination of elements 3) direct and in situ analysis. From the 
perspective of analysts, disadvantages of these methods are that they need processing via 
specialized software, they are difficult to calibrate, and last, few are the official certified 
methods using such techniques. This is not precisely a disadvantage in terms of efficacy 
because the instrument is able to detect the suspicious samples expeditiously and then send it 
to the central labs for a more thorough analysis. 
 
 
2.1.3 Spectroscopic characteristics 
 
One of the main features of these techniques is that the generated spectra are of high 
resolution and through proper mathematical processing of the spectrum the exact frequency 
is obtained. In the mid infrared spectroscopy (and Raman) the peaks are analyzed and their 
absorptions are assigned to specific chemical species. There is a small error in the processing 
of spectra but the quantitative analyses are still acceptable. Instead, in the near IR spectrum a 
series of inter-overlapping frequencies makes difficult to distinguish the chemical species. 
Another common feature is that they exhibit high structural selectivity and contain further 
information necessary for the clarification of the structure. Furthermore, these two 
techniques can provide information about the phase, the crystallinity or the configuration of 
the unknown sample. 
 
Raman and MIR spectroscopy can be applied to identify marker substances. Especially for 
these applications most suitable is Raman and the most famous example is the measurement 
of carotenoids (in ppm) in food production. The carotenoid peaks are observed in the Raman 
spectrum. A corresponding example of the MIR is the prediction of organochlorides at low 
levels, in water.  
 12 
 
2.1.4 Instrumental characteristics 
 
One of the most interesting features in instrumental spectroscopy is to develop and conduct   
measurements with one button. "The one button measurement". This is very important 
because most measurements can be made by beginners who have little familiarity with the 
subject. Hiring or even training qualified personnel is not necessary. 
 
 
2.2 Infrared spectroscopy 
 
The infrared (IR) spectroscopy is the spectroscopy involved with the infrared portion of the 
electromagnetic spectrum, and substantially it is light having a longer wavelength and lower 
frequency than visible spectrum. The infrared portion of the spectrum of the electromagnetic 
radiation is divided into three parts: the proximal, the middle and the distal infrared, 
depending on the distance from the visible portion of the spectrum. (N-IR, Mid-IR, F-IR 
respectively) The instrument in question is related with spectra falling in the middle part of 
the infrared. Regarding the middle section it is approximately 4000-400 cm
-1
 of wave 
number. 
 
 
 
 
 
 
2.2.1 The middle portion of the infrared radiation 
 
The middle portion of the infrared radiation (4000-400 cm
-1
) can be divided approximately 
into four ranges, and the nature of a group of frequencies may generally be defined by the 
area in which they are localized. Generally the ranges are as follows: X-H bond area (4000-
2500 cm
-1
), the region of the triple bond (2500-1500 cm
-1
) and the fingerprint region (1500-
600 cm
-1
). 
 
The fundamental vibrations in the region (4000-2500 cm
-1
) are generally due to the (active) 
extents of the bonds O-H, C-H and N-H. The extent of O-H bond produces a wide frequency 
occurring in 3700-3600 cm
-1
. Compared with this, also the N-H bond is usually observed at 
3400 and 3300 cm
-1
. This absorption is generally much sharper (clearer) than that of the O-H 
bond, and therefore it can be distinguished. The C-H bond extents from aliphatic compounds 
are found in the range 3000-2850 cm
-1
. If the C-H bond is adjacent to a double bond or an 
aromatic ring, the wavenumber of the C-H extent increases and absorbs between 3100 and 
3000 cm
-1
. 
 
The absorptions of the triple bond extents, fall in the range 2500-2000 cm
-1
, due to the 
continuous high strength of the bond. C≡C bonds absorb at values between 2300 and 2050 
cm
-1
, while in parallel the nitrile group (C≡N) absorbs between 2300 and 2200 cm
-1
. These 
groups can be distinguished from each other since the extent of the C≡C bond is usually very 
weak, while that of the C≡N is moderate. These are the most common absorptions in this 
area, but the researcher may face several extensive absorptions of the X-H type, wherein X is 
2·π 
Wavenumber: k = 
λ 
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an atom with larger mass number such as phosphorus or silicon. These absorptions mainly 
occur approximately near 2400 and 2200 cm
-1
. 
 
The main frequency bands at the range of 2000-1500 cm
-1
 are due to the extents of C=C and 
C=O bonds. The carbonyl group bond extent is one of the easiest absorptions for someone to 
identify in an infrared spectrum. Usually it is the most intensive range in the spectrum and 
depending on the type of the C=O bond, it falls in the region between 1830 and 1650 cm
-1
. It 
should also be noted that metallic carbonyls can absorb even above 2000 cm
-1
. The C=C 
bond is much weaker and is distinguished at around 1650 cm
-1
. Usually though, this range is 
not distinct due to symmetry or instantaneous dipoles. The C=N bond occurs in this region 
and usually is stronger. 
 
So far it has been assumed that each frequency range in an infrared spectrum can be 
attributed to a specific deformation of the molecule, the movement of a group of atoms, 
tilting, bending and extent of a particular bond. This performance is possible for several 
frequency ranges, especially for extent vibrations from multiple bonds showing "good 
behavior", which means easily distinguishable. However, many vibrations do not operate this 
way and can vary in hundreds of wavenumbers, even for similar molecules. This happens in 
most torsional and skeletal vibrations, which absorb in the region of 1500-650 cm
-1
. The 
spectrum of a molecule may have a hundred or more regions of absorption, but it is not 
necessary identifying all of them. The spectrum is considered as the "fingerprint" of the 
molecule, and therefore this region is referred to as the footprint region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.2.1    Lactic acid absorption infrared spectrum [1] 
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2.3 FTIR 
 
The infrared spectrum of a sample is obtained when a beam of infrared light is incident on 
the sample. When the frequency of the beam is the same as the frequency of oscillation / 
vibration of a bond, there occurs absorption. Processing this beam of light reveals how much 
energy is absorbed and at what frequency (or wavelength). In the past this was done with a 
monochromator. In more modern applications, the entire wavelength is measured integer 
using Fourier transformation devices and thus an absorption spectrum is generated through  
the process described in the following paragraphs. Following the description of the infrared 
(IR) the term "FT" (Fourier transform) must be clarified. FTIR spectroscopy is based on the 
idea of the interference of a radiation between two rays for producing an interferogram. The 
latter is a signal generated as a function of alteration of the traveled length between the two 
beams. The two fields that take values, i.e. distance and frequency, are interconvertible via 
the mathematical method of Fourier transformation. The basic equation of Fourier 
transformation related to the intensity received by the detector, I(δ), in the spectral dynamic 
density at a specific wavenumber,  ,  given by B( ), is: 
 
 
 
 
 
 
which is one half of the cosine of the pair of Fourier transformation with the other half being: 
 
 
 
 
 
 
These two equations are interconvertible and are known as Fourier transformation pair. The 
first shows the change in dynamic density as a function of the difference in path (mirror) 
which is a patent of interference. The second shows the change in intensity as a function of 
the wavenumber. Each one may be converted to the other by means of the mathematical 
method of Fourier transformation. 
 
The basic experiment to obtain an FTIR spectrum is to produce an interferogram with the use 
of a sample and a second interferogram without sample in the beam, and then convert the 
interferograms to spectra (a) from the source with absorptions from the sample and (b) from 
the source without absorptions from the sample. The frequencies of the first and the second 
correspond to a dual beam scattered spectrum. 
 
The great advantage over the use of routine use of the mid infrared came with a new 
mathematical method (or algorithm) designed for fast Fourier transformation (FFT). That 
was combined with developments in the processing software that made these calculations to 
be carried out very quickly. 
 
The general flow diagram of an FTIR spectrophotometer qualitatively is shown in Fig.2.2.2 
and schematically in Fig.2.2.3. The detailed process is explained below. It should also be 
noted that in the flowchart the suffix "computer" does not necessarily mean a computer but 
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generally computer processing as in the case of Eraspec where the process is made through 
the instrument’s software. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.1 Beer-Lambert law 
 
In infrared spectroscopy, infrared radiation is guided through the sample to be analyzed and 
the intensity of the transmitted radiation is measured as a function of wavelength. When the 
wavelength of light is matched to the energy difference between the equilibrium state and the 
excited state in a molecule of a sample, the light is absorbed. The absorption of light is given 
by the law of Beer-Lambert, whereby the absorbance A is given by the function: 
 
 
 
 
 
 
 
 
Fig.2.2.2 [1] 
 
 
Fig.2.2.3 [1] 
 
A = c · I · α (v) 
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where c is the concentration, I is the distance the light travels through the sample and α (v) is 
a specific molecular constant. From this function it is concluded that A increases linearly as a 
function of c and I. Generally, molecules vibrate in various ways thus resulting in the 
absorption of infrared light. This means that the constant α (v) depends on the wavelength. 
This explains how the concentrations of many different substances can be calculated 
simultaneously by the infrared spectroscopy. In the middle infrared spectroscopy, the 
fundamental molecular oscillations, which are usually narrow, are excited. Furthermore a 
substance displays different modes of oscillation at different frequencies thereby assisting the 
identification of atomic characteristics, even though there occurs some overlapping in 
frequencies. The study of the entire spectrum helps the distinction of chemically similar 
substances, such as ethanol and methanol as well as the quantitative determination of the two 
substances simultaneously. 
 
 
2.3.2 Interferometer 
 
The FTIR instruments use an interferometer for the measurement of the sample spectrum. 
This is the way the ERAspec model functions. A beam of light is emitted by a source. This 
beam is divided into two halves by a beam splitter consisting of ZnSe (zinc selenium). This 
allows the measurement of the spectrum in a range 1.5-18 µm (6660-550 cm
-1
) which covers 
all the signals of interest for the analysis of fuels and lubricants. The two light beams 
generated are directed to a mirror reflecting the infrared light back towards the splitter where 
they recombine and directed to the detector. If both mirrors are located at the same distance 
from the splitter, no phase difference is observed. During a measurement one of the two 
mirrors is removed from the beam splitter with constant speed. When the relocation of the 
mirror becomes equal to a quarter of the light wavelength, the combined rays come out of 
phase, a fact that results in a destructive interference (Fig.2.3.2). In this case, no light 
impinges on the detector. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As the mirror moves, the light intensity measured by the detector will show an electronic 
configuration. In the field of electronics, configuration is the process of changing one or 
more characteristics of a periodic waveform of high frequency, defined as a carrier signal 
 
 
 
a) Constructive interference 
 (multiple of 2π) 
b) Destructive interference 
 (multiple of π) 
Fig.2.3.2 
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based on another fluctuating signal. The intensity measured by the detector as a function of 
the mirror movement is the interferogram previously mentioned. For a monochromatic light 
source, the interferogram has a sinusoidal form. For multicolored light emitted from 
conventional infrared light sources, a representative value is calculated for a wide range of 
wavelengths. The interferogram will be the sum of the cosine waves of all frequencies 
present in the source. The Fourier transformation of the interferogram gives the spectrum. 
Matching the sample spectrum to that of the source of the sample, the absorption spectrum is 
generated. The absorption spectrum will show a range of frequencies that match the 
frequencies where the sample absorbed light. The spectrum analysis is a parameter which 
affects the clear separation of two adjacent frequency ranges in the final spectrum, which 
depends on how far the mirror moves. For a spectral analysis (i.e. analysis that will include 
the spectrum) of four wavenumbers (cm
-1
) the mirror must be moved by 0.25 cm, whereas in 
order for the highest spectral resolution of 2 cm
-1
 to be achieved it must be moved by 0.5 cm. 
 
 
2.3.3 Optimal operation of the Interferometer 
 
The target for manufacturing an FTIR analyzer is always to measure the desirable samples 
with an optimal signal-to-noise ratio for more accurate quantitative analyses. This is called 
SNR (Signal to Noise Ratio) and is one of the basic principles of the instrument for 
repeatability reasons. The signal-to-noise ratio is analyzed into categories in the next 
subchapter. The careful selection and proper assembly of the spectrophotometer components, 
such as the light source, the detector, the interferometer and the electronics, are crucial for 
the of the construction of high quality instruments. Because absorption of light means its 
attenuation, very high absorption means that little light reaches the detector. This in turn 
suggests that too much absorption can not be measured accurately. On the other hand, if the 
absorption is very low, which means that little light is absorbed by the sample, the signal 
may be weaker compared to the noise of the instrument. In both cases the signal-to-noise 
ratio will limit the accuracy of the quantitative analysis. The optimum signal-to-noise ratio is 
when approximately 70% of the light is absorbed by the sample. 
 
It is therefore evident from the formula A = c · I · α (v) that for molecules with very different 
α (v) or concentrations, the value of I (distance the light travels through the sample) of the 
system must be set so that the absorbance falls within a range where it can be measured with 
high accuracy. In order for adjacent frequencies in the spectra to be possible to distinguish, it 
is necessary to measure the spectrum at an appropriate resolution. Fig.2.3.3.a shows spectra 
of an ethanol-methanol mixture at different resolutions (2, 4, 8 and 16 cm
-1
). If the resolution 
is too low the two signals (one for ethanol and one for methanol) can not be differentiated, 
i.e. to become distinct. It is impossible to distinguish them from one another at a spectral 
resolution of about 16 cm
-1
. It can also be observed that the intensity of the signals decreases 
with reduced resolution. The spectrum analysis does not only affect the signal strength, but 
also the level of noise. Fig.2.3.3.b shows that the baseline noise increases by going from a 
spectral resolution of 4 to 2 cm
-1
. For quantitative analysis the parameter that must be 
emphasized is the repeatability, i.e. small differences between consecutive measurements of 
the same sample. Fig.2.3.3.c shows the repeatability as a function of the resolution for 
MTBE (a gasoline additive). Higher resolutions lead to an increased deviation of the 
measured absorption impairing the repeatability of the measurement. These figures express 
strongly that there must be a golden section (compromise) between the repeatability of 
spectral separation of the overlapping frequencies. 
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Fig.2.3.3.a  Spectra of a mixture of ethanol and methanol at different spectral resolutions 
                                
 
 
Fig.2.3.3.b    Noise increase of the spectral baseline with higher spectral resolution 
Observing Fig.2.3.3.d which shows a gasoline spectrum, it becomes obvious that no data of 
the spectrum is lost in spectral resolution 4 cm
-1
. This is not surprising because the normal 
(linear) amplitude of vibrations for the molecules found in gasoline is larger than 10 cm
-1
. 
For these frequency bands to become discrete, an analysis of the order of 4 cm
-1
 is sufficient, 
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Fig.2.3.3.c    Influence of spectral resolution on the repeatability of the measurement 
 
 
Fig.2.3.3.d    Gasoline spectra at different spectral resolution 
as it is described in the ASTM standards. Increasing the resolution of the spectrum more, it 
just leads to reduction of the SNR as shown in Fig.2.3.3.c. Moreover, spectra in the spectral 
analysis of the order of 4 cm
-1
 are measured in half the time than at resolution of 2 cm
-1
, 
because the moving mirror must cover shorter distance. This helps to shorten the analysis 
and increases the rate of process efficiency. 
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2.3.4 Mathematical proof of SNR 
 
An FTIR spectrophotometer functions optimally when the sensor noise exceeds all the other 
sources of noise and is independent of the signal level. This is a common case for middle in-
frared spectroscopy but things may not be this way for shorter wavelengths. The sensitivity 
of the mid-infrared detectors is commonly expressed in terms of Noise Equivalent Power 
(NEP) of the detector, which is the ratio of the root mean square (rms) of the noise voltage  
Vn expressed in VyHz1/2, to voltage response Rv of the detector expressed in VyW-1. It is an 
effective measure of the optical power given by a signal equivalent to the noise level. There-
fore, the smaller the NEP, the more sensitive is the sensor. NEP is proportional to the square 
of the sensor surface area AD (area of the photosensitive region of the detector), the constant 
of proportionality being known as the Specific Detectivity D
*
: 
 
 
 
 
 
(The unit cmyHzyW-1 sometimes is called Jones). The noise power Nʴ which is observed in a 
measurement t (seconds) is given by: 
 
 
 
 
 
In order for the signal-to-noise ratio to be approached and also to be observable in a meas-
urement, one must know not only the noise intensity, but also the signal intensity. The   spec-
tral brightness etc., the flow power per unit of area, per cubic angle in the wave number v in 
a blackbody -source per temperature T- is given by the Planck equation: 
 
 
 
 
 
 
 
where the C1 and C2 are the first and second angular constant, and have the values 
 
 
 
 
 
 
 
 
where k is the Boltzmann constant. 
 
The intensity obtained by a detector through any optical system is determined by the "optical 
transfer" of the system and is the product of the area of the radius A, and its solid angle of 
AD
1/2
  
D
*
 = 
NEP  
in cm·Hz·W
-1
 (Equation 2.3.4.a) 
 
NEP  
N΄ = 
T
1/2
  
in W (Equation 2.3.4.b) 
 
 
 
 
 
 
 
 
in W·sr
-1
·cm
2
·cm
-1
 
 
 
 
 
 
 
(Equation 2.3.4.c) 
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the decreasing diaphragm, ˖ysr. For a perfectly constructed FTIR spectrophotometer, the 
"optical transfer" is determined from the mirrors surface area of the interferometer and the 
maximum permitted stable angle, given by the equation: 
 
 
 
 
The intensity S΄, emitted to a detector by an interferometer in a resolution ∆v~ and operating 
with optical transfer Θ, with an effectiveness ξ to an extent of a wavenumber unit, is given 
by the equation: 
 
 
 
 
Therefore the SNR of a spectrum measured with a dual beam interferometer is given by the 
equation: 
 
 
 
 
 
 
 
This last equation (2.3.4.f) is the central relationship of signal-to-noise ratio. [12] 
 
 
2.4 Analysis of general multicomponent mixtures 
 
The analysis of a component within a complex 
mixture presents particular problems. In this 
subchapter there will be examined the approach 
of various components concentrations within a 
mixture. Below there are examples showing the 
fundamental ideas of the analysis of mixtures. 
 
The example that follows, concerns the quantita-
tive analysis of commercial xylene, which is a 
mixture of isomers, for example: 1,2-di-methyl-
benzene (o-xylene), 1,3-di-methyl-benzene (m-
xylene) and 1,4-di-methyl-benzene (p-xylene). 
 
The spectra of these three pure xylenes dissolved 
in cyclohexane (Fig.2.4, 2.4.1, 2.4.2) show 
strong signals in the region 800-600 cm
-1
. 
Cyclohexane has a very low absorption at this 
specific region, therefore being the proper sol-
vent for the analysis. The infrared spectrum of 
commercial xylene is given in Fig.2.4.3. 
 
 
 
 
 
Fig.2.4    Infrared spectrum of o-xylene in 
cyclohexane (1 vol%, 0.1 mm pathlength) 
 
 
 
 
in solid angles (steradians) 
 
 
 
(Equation 2.3.4.d) 
 
 
 
 
(Equation 2.3.4.e) 
 
 
 
(Equation 2.3.4.f) 
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The concentration of the three isomers should be determined in the sample of the market. 
First, the absorptions of xylenes at 740, 770 and 800 cm
-1
 from the standards shown in Fig. 
2.4, 2.4.1, and 2.4.2 must be measured as follows: 
 
o-xylene 740 A = 0.440 – 0.012 = 0.428 
m-xylene 770 A = (0.460 – 0.015)/2 = 0.223 
p-xylene 800 A = (0.545 – 0.015)/2 = 0.265 
 
The values for m-xylene and p-xylene were divided by two because their concentrations in 
the solution were double. Essentially the above calculations were based on the graphs. Ab-
sorbance values are also corrected for non-zero base in the spectral region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.4.1    Infrared spectrum of m-xylene in 
cyclohexane (2 vol%, 0.1 mm pathlength) 
 
 
 
 
Fig.2.4.2    Infrared spectrum of p-xylene in 
cyclohexane (2 vol%, 0.1 mm pathlength) 
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The absorbance values are proportional to 
molecular absorption, and from now on 
the concentrations of xylenes can be 
determined in the mixture when the 
absorptions are measured. From Fig. 
2.4.3 arise the following: 
 
 
 
 
 
 
 
 
Dividing these absorbance values with 
the standard values previously exported, 
the content of each isomer in the mixture 
is taken by volume (vol%): 
 
 
 
o-xylene = 0.156 / 0.428 = 0.364 vol% 
m-xylene = 0.686 / 0.223 = 3.076 vol% 
m-xylene = 0.103 / 0.265 = 0.389 vol% 
 
It should be mentioned that there are potential errors in these values. There is an error due to 
the difficulty of starting line selection because of the overlapped peaks. In addition, every 
non-linearity of the Beer-Lambert law diagrams has been ignored, having used one value for 
the prediction of the constant for the proportionality with each of the above solutions. Alter-
natively, this same problem for xylene can be calculated by subtracting spectra. If a complex 
mixture is available, and also samples with its basic components, then the spectrum can be 
separated. This is achieved by removing a fraction i.e. the o-xylene, then the m-xylene and 
finally the p-xylene from the commercial xylene spectrum, so that the similar absorptions are 
zeroed. 
 
Πίνακας 2.4 
Values Case 
number Y X1 X2 X3 ….. Xp 
1 y1 x11 x12 x13 ….. x1p 
2 y2 x12 x22 x23 ….. x2p 
….. ….. ….. ….. ….. ….. ….. 
….. ….. ….. ….. ….. ….. ….. 
n yn xn1 xn2 xn3 ….. xnp 
  
 
 
 
 
Fig.2.4.3    Infrared spectrum commercial xylene in 
cyclohexane (5 vol%, 0.1 mm pathlength) 
740 A = 0.194 – 0.038 = 0.156 
770 A = 0.720 – 0.034 = 0.686 
800 A = 0.133 – 0.030 = 0.103 
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3. Methods of predicting properties / calibration 
 
 
3.1 PCR method 
 
It is obvious that the errors encountered in the previous process must not exist in 
measurements concerning important areas of production, such medicines and fuel. 
 
The improvements that have been made in computer technology associated with the 
spectroscopy have led to the expansion of the quantitative infrared spectroscopy. The 
applications of statistical methods in the analysis of experimental data are known as 
chemometrics ([3], [4], [5], [6], [7]). This object is very broad and there are too many 
bibliographies around it. In the following sections basic statistical predicting applications 
will be analyzed thoroughly, whereas at the same time three of them related directly to the 
instrument will be focused. These are: PCR, CA and MLR. 
 
The most widely used in the analytical methods in infrared spectroscopy are: the classical of 
least squares (Classical Least Squares, CLS), the inverse least squares (Inverse Least 
Squares, ILS), the partial least squares (Partial Least Squares, PLS), the regression of the 
principal component (Principal Component Regression, PRC). CLS method (also known as 
K-matrix method) and PLS (known as the P-matrix method) are the least squares methods 
comprising calculation with tables. These methods are limited when complex mixtures are 
investigated. Methods functioning by factors, such as the PCR, are proven to be more useful. 
 
Many times it is not necessary to know the exact concentrations of the components of 
interest, but simply whether these substances exist in the mixture or not. In these cases, a 
variable standard method of identification, such as the linear differential analysis (Linear 
Discriminant Analysis, LDA) or the Artificial Neural Networks (ANN?s), may be used to 
identify characteristics of the spectra of the components of interest for the individual analyst  
[8]. Such methods are efficient to compare a large number of variables in a set of data, such 
as the intensity, the frequency and the amplitude. LDA and ANN's methods are known as 
supervisory methods, because there is some preexisting information for the sets (packets) of 
data. There are also non supervisory methods such as hierarchy by clusters (hierarchical 
clustering) which can be used to predict the data in a set of data without any preexisting 
information for them. 
 
The use of calibration methods in infrared spectroscopy is easily understood generally from 
the application of PCR in vegetable oils [9]. Fig.3.1 shows the infrared spectrum from 5 
different types of vegetable oil, added one over the other. This demonstrates the similarity of 
these spectra and the difficulty in finding differences between the samples by simple 
observation. However, there are marked differences in the range of the positions of each 
spectrum which someone can take advantage of by using the PCR. The wavenumbers of the 
C-H bond when stretched and when bent in the fingerprint area can be used as constants. The 
analysis process includes a series of steps. First you need to get the spectrum for the oils and 
for the unknown samples. The spectra must be identical, i.e. they have to be taken under the 
same conditions. Then the average of each wavenumber for each category of oil is 
calculated. Immediately after that, the absolute difference between the unknown wave 
number and the average of each class and each "line group" (band) is calculated. One step 
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further, the sum of the differences is calculated for each class between all line groups, and 
the identification of the unknown with the class of the smallest sum of differences, can be 
made. The results of the analysis of a mixture of unknown vegetable oils, using seven peaks, 
are shown in Fig.3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.1    Infrared spectrum of a mixture of five vegetables oils [10] 
 
Fig.3.1.a    Diagrams of the main components of the oils analysis [10] 
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Different symbols were used to represent each type of known oil (eg.  for Canola) and the 
small square () for the unknowns. The diagram of Fig.3.1.a shows a PC1 against a PC2 
diagram and shows that canola oil and peanut oil form distinct clusters. This graph can be 
used to determine the unknown "1" with the type of canola oil, and the unknowns "2" and 
"3" with the type of peanut oil. The graph shown in Fig.3.1.b shows a PC3 against a PC2 
diagram. In this case sunflower oil and soybean oil are clearly separated while in the 
previous comparison (PC2 versus a PC1 graph) were not clear. The unknowns "4" and "5" 
may be determined as sunflower oil because they form a cluster near the known samples of 
sunflower oil in both diagrams. 
 
 
3.2 Cluster Analysis method 
 
The terms cluster, group and class, are used in a completely instinctive way in bibliographies 
without significant effort of interpretation. In essence it concluded that the official 
interpretation of the term is not only difficult but sometimes it is interpreted incorrectly. For 
example, in 1964 Bonner suggested that the ultimate criterion for assessing the meaning of 
such notions is the user's judgment. If someone using a term such as "cluster" gives the 
researcher an answer of worth, this is all needed. 
 
Bonne’s view is partly acceptable but not convincing to many writers like Cormak (1971) 
and Gordon (1999) who tried to interpret what "cluster" means in terms of internal 
consistency, homogeneity and external isolation-separation. 
 
 
3.2.1 Simple presentation of a cluster analysis 
 
The classification with hierarchy is perhaps the best known statistical method for finding 
relatively homogeneous clusters in cases based on measured characteristics. It starts with 
 
 
Fig.3.1.b    Diagrams of the main components of the oils analysis [10] 
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each case as a separate cluster, i.e.: there are so many clusters as are the cases, and then 
combines the clusters continually by reducing their number in each step until only one 
cluster remains. This method uses the dissimilarities or the distances between objects 
(objects under classification) when creating clusters. The SPSS program calculates 
"distances" between the points of data in terms of separate variables. 
 
A hierarchical tree diagram, called a dendrogram in SPSS, can be drawn to show the points 
that become links. The clusters are connected in increasing serial levels of dissimilarity. The 
measurement of dissimilarity itself is dependent on the measure used, for example:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This example shows clusters B and C to be combined at the fused value of 2 and B and C 
with A, at 4. The fused values or the distances of the links are calculated with SPSS. O 
purpose of the algorithm in clusters is to join objects together successively in larger clusters, 
using some measure of similarity or distance. To the left of dendrogram begins with each 
item or case in a class by itself (in our example there are only four cases). With very small 
steps, the user makes the criterion "mild" of what is and is not unique. In other words the 
user considers increasing differences acceptable in order to decide if two or more items will 
be members of the same cluster. 
 
As a result more and more items are connected together and larger clusters fuse with 
increasingly dissimilar items within them. In the end, at the last step, all the items are linked 
together as one cluster. In these graphs, the horizontal axis indicates the fusion or the 
distance of the linkage. For each node in the graph (where a cluster is created) the user can 
read the distance criterion with which similar items were linked together in a new cluster. As 
a general procedure, "clustering" can be summarized as follows: 
 
- The distance is calculated between all of the original clusters. In most analyses, the initial 
clusters will contain only one item. 
 
- Then, the two more matching clusters are fused and the distances are redefined. 
 
- The previous step is repeated until all the items result in a cluster. 
 
This study is very general but is the closest to that of the instrument. The corresponding 
distance at Eraspec data is the Mahalanobis distance. These will be analyzed in a following 
chapter where the cluster analysis fully customized as it happens to the instrument, will be 
explained. 
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3.3 Multi Linear Regression (MLR) method 
 
In multiple regression, many independent variables are used for making a model of a 
response variable. For each one of the n cases that have been studied, there are values 
collected for the response and for each one of the independent variables. If the response is Y, 
and the independent variables are X1, X2, …. Xp (p is the number of the independent 
variables, or of those that will "make the prediction", then the data will form the: n x (p+1) 
table: 
 
For simple regression, p=1. In the presentation of data, the value xij refers to the value for the 
j-th variable in the i-th case. The values for a case are shown in a row, while all values for a 
variable in a column. 
 
In multiple regression, an equation which expresses the response as a linear function of p 
independent variables is estimated using the observed data. The model is determined by a 
linear equation, 
 
 
 
 
 
where β are the unknown parameters, e are the statistical errors, Y is the dependent variable 
or the response, and X1, X2, …Xp are those that make the prediction. When p=2, the equation 
3.3 gives a plane in a three dimensional space (X1, X2, Y). 
 
The MLR will be studied in a following chapter adapted to the needs of the instrument, as 
the user can intervene and change the model of the method. [12] 
 
 
 
4. Application of FTIR in organic molecules 
 
 
4.1 Introduction 
 
One of the most common applications of infrared spectroscopy is the identification of 
organic compounds. Besides, this is also what the instrument under calibration does. 
Following are studied the major categories of substances found in gasoline and diesel, but 
also others being of industrial interest since the organic compounds are widely used as raw 
materials.  
 
 
4.2 Aliphatic hydrocarbons 
 
Aliphatic hydrocarbons, alkanes, contain only C-H and C-C bonds, but much information 
can be gained from the infrared spectra that these molecules give. The most useful are those 
resulting from the C-H bonds when they stretch and also when bent. The regions where C-H 
bonds bend in aliphatic hydrocarbons are 3000-2800 cm
-1
. C-H bonds that  stretch  in  methyl  
Y = β0 + β1Χ1 + β2Χ2 + … +βpΧp + e 
 
 
 
(Equation 3.3) 
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and methylene groups are diversified. For methyl groups, the asymmetric C-H bond absorbs 
at 2870 cm
-1
 while the corresponding symmetrical at 2960 cm-1. By comparison, methylene 
groups absorb in the asymmetric stretching at 2930 cm
-1
 and in the symmetric stretching at 
2850 cm
-1
. The bending C-H bond increases its activity at the range below 1500 cm
-1
. Methyl 
groups produce "two ranges" where bending appears, i.e. a symmetrical at 1380 cm
-1
 and an 
asymmetrical at 1475 cm
-1
. Methylene groups on the other hand absorb in four types of vi-
brations: "Scissoring" at 1465 cm
-1
, "Rocking" at 720 cm
-1
, "Wagging" at 1305 cm
-1
 and 
"Twisting" at 1300 cm
-1
. The intensity of methylene CH2 when in vibration of the "rocking" 
type is useful, since four or more CH2 groups are necessary in a chain, in order to produce a 
distinct peak near 720 cm
-1
. Shorter chains show a more variable peak, for example for CH2 
the "rocking" peak in C4H10 is near 734 cm
-1
. Although these are the main absorptions asso-
ciated with the aliphatic hydrocarbons, there is a large number of peaks appearing in the 
spectrum of such components because there is also a wide range of possible compounds (of 
different structure). The main infrared absorbances for the alkanes are summarized in the fol-
lowing table: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Alkenes have the double bond group, the majority of which also contain hydrogen in the 
double bond carbon. Four large molecular disorders are associated with these pieces. These 
Table 4.2 
Wavenumbers of aliphatic hydrocarbons 
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are the inside and outside level =C-H conversions, C=C stretching and =C-H stretching. The 
characteristic absorptions observed in alkenes are also seen in Table 4.2. 
 
Alkynes contain the C?C group and three characteristic bands can be present, i.e. ?C-H 
stretching, ?C-H bending and C?C stretching. The main absorbances observed for alkynes 
are referred in Table 4.2. 
 
 
4.3 Aromatic components 
 
The aromatic components show characteristic peaks useful in five regions of the medium in-
frared spectrum. These are shown in Table 4.3 below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The C-H bond stretching in aromatic components is displayed in a range between: 3100-
3000 cm
-1
. This renders them easy to differentiate from those derived from aliphatic C-H 
groups which appear below 3000 cm
-1
. In the region 2000-1700 cm
-1
 a series of weak com-
binations and harmonic 
groups of peaks appear indi-
cating the existence of ben-
zene. Skeletal vibrations rep-
resenting the stretch of the 
C=C bond absorb in a range 
between 1275-1000 cm
-1
 (in 
plane bending) and 900-690 
cm
-1
 (out of plane bending). 
The vibrations of the bend-
ing out of plane of the aro-
matic components are strong 
and characteristic of the 
number of hydrogens in the 
ring, and therefore can be 
used to replace the standard. 
This information is summa-
rized in the table of   
Fig.4.3.a. 
 
 
Fig.4.3.a    Absorption due to change in the angle of the aromatic 
                   molecule 
Table 4.3 
Characteristic wavenumbers of aromatic compounds 
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Fig.4.3.b    Infrared spectrum of a substituted benzene molecule: element A 
 
Fig.4.3.c    Infrared spectrum of a substituted benzene molecule: element B 
 
 
Fig.4.3.d    Infrared spectrum of a substituted benzene molecule: element C 
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4.4 Oxygen containing components 
 
 
4.4.1 Alcohols and phenols 
 
Alcohols and phenols produce characteristic peaks in the infrared due to O-H and C-C 
stretching bonds, which both are sensitive to hydrogen bonds. For alcohols, the wide O-H 
bond lies in the range of 3600 cm
-1
, while in phenols this range appears at 50-100 cm
-1
, lower 
than for alcohols. The stretching of C-O bond in the alcohols and phenols produces a strong 
signal in the region 1300-1000 cm
-1
. These compounds also produce O-H vibrations due to 
stretching, but the second "mates" with other vibrations and produces strange peaks in the 
region of the fingerprint. The main absorptions for these items are presented in Table 4.4.1 
below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.4.1 
Characteristic wavenumbers of oxygen containing compounds 
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4.4.2 Ethers 
 
Ethers can be detected by a strong C-O signal due to stretching of the bond near 1100 cm
-1
, 
because of the C-O-C bond in this kind of bonding (Table 4.4.1). Aromatic ethers give a 
strong signal near 1250 cm
-1
 while cyclic ethers at 1250-900 cm
-1
. 
 
 
4.4.3 Aldehydes and ketones 
 
Aliphatic and aromatic ketones show carbonyl absorptions at 1730-1700 and 1700-1680 cm
-1
 
respectively, while the aliphatic and aromatic aldehydes produce carbonyl absorptions at 
1740-1720 cm
-1
 respectively (Table 4.4.1). The position of the C=O wavenumber ranging 
within these limits depends on the bonds with hydrogens and the coupling with them in the 
molecule. Coupling with a C=C bond leads to the change in position of the group C=O, 
which causes the absorption to fall at lower wavenumber. Aldehydes also show a characteris-
tic C-H stretching bond ranging at 2900-2700 cm
-1
. 
 
 
4.4.4 Esters 
 
The two most polar bonds in esters included in (-CO-OC-) is C=O and C-O, and these bonds 
produce the strongest lines in the spectrum of each ester (summarized in Table 4.4.1). Aro-
matic and aliphatic esters may be differentiated, since both C=O stretching and C-O stretch-
ing produce lines at 1750-1730 cm
-1
 and 1300-1100 cm
-1
 respectively, while aromatic esters 
produce lines in the spectrum due to C=O and C-O at 1730-1705 cm
-1
 and 1310-1250 cm
-1
 
respectively.  
 
 
 
4.5 Tables of various wavenumbers 
 
 
In this subchapter presented are tables displaying the essence and the value of the wavenum-
ber where the absorption takes place in secondary compounds. 
 
 
4.5.1 Amines 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.5.1 
Characteristic wavenumbers of amines 
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4.5.2 Amides 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5.2.a  Compounds with nitrates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 4.5.2 
Characteristic wavenumbers of amides 
 
 
Table 4.5.2.a 
Characteristic wavenumbers of compounds with nitrates 
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4.5.3 Compounds containing halogens 
 
 
 
 
 
 
 
 
 
4.5.4 Compounds containing boron 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5.5 Compounds containing phosphorus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 4.5.3 
Characteristic wavenumbers of compounds with halogens 
  
 Table 4.5.4 
Characteristic wavenumbers of compounds with boron 
  
Table 4.5.5 
Characteristic wavenumbers of compounds with phosphorus 
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4.5.6 Compounds containing sulphur 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Fuel analysis using FTIR 
 
 
Fuels are complex mixtures of alkanes (paraffins), alkenes (olefins) and aromatics. 
Additionally, it is enriched with a wide range of additives to improve combustion and reduce 
emissions parameters. Therefore substances enriching it with oxygen are usually used, such 
as MTBE, methanol or ethanol, which are easily checked with infrared spectroscopy 
according to ASTM D5845 standard. Other ingredients must also be checked because this is 
strictly defined by international rules since environmental and health problems are 
concerned. 
 
Benzene for example can be monitored in accordance with ASTM D6277, EN 238 standards 
using infrared spectroscopy. In recent years the growing need for the use of renewable fuel 
sources led to mixing of bioethanol in gasoline. FAME an ester derived from plant oil, often 
is added in diesel as a deactivator of carbon dioxide (ASTM D7806, EN 14078). All these 
components exist in modern fuel and usually at high concentrations. However there are fuel 
additives such as MMT or 2-EHN which have intense effect on the properties of the fuel 
already at very low concentrations. For example, 50 mg/L of MMT increase the octane 
number (RON) usually by 2.5 units and 250 mg/L of 2-EHN increase the cetane number by 
1.7 units. Therefore it is very important to measure these parameters with the utmost 
precision, along with other additives which are present in much higher concentrations. 
 
As described earlier, longer distance traveled by the transmission cell leads to higher signals, 
which allow very low detection limits. Ingredients of high concentrations lead to intense or 
complete absorption of light if the traveled distance is too long. ERASPEC, in order to be 
able to measure additives accurately which are either in low or in high concentrations, has a 
double system of cells. Normally, the additives present in high concentrations such as 
ethanol (up to 25 Vol%) are measured in a 20 µm cell while the additives present in small 
concentrations such as MMT (added to ppm range) are measured in a 100 µm cell. The 
concentrations of components though, are not the only properties of interest in fuel analyzes. 
There also exist other parameters, such as RON, MON, the distillation properties, bubble 
Table 4.5.6 
Characteristic wavenumbers of compounds with sulphur 
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point and vapor pressures, which are of great interest as well. These fuel parameters can not 
match specific signals in the spectrum because they do not match a single ingredient only. 
Using many different signals and applying advanced statistical methods such parameters can 
be estimated from a spectrum. For more correct results it is not enough only to measure the 
spectrum as accurately as possible, but also the instrument must use spectra database for the 
matching of the parameters. Therefore, the result also depends on the quality of the reference 
data, for example, the anti-knocking effect of the engine for octane numbers or the vapor 
pressure, are measured by means of one of the available methods. To obtain reliable 
"predictions" using such a model, the predicted value should "fall" in the calibrated range of 
the model. If for calibration only samples with an octane number between 90 and 92 have 
been used, the device will not be able to export correct results for gasoline with an octane 
number of 95. In addition, given the complexity of fuels and the diversity they appear from 
area to area, is not possible to develop a universal database. The ERASPEC device has been 
installed in many regions of the world and therefore it offers widely enriched databases for 
different regions in order to achieve more accurate results. In the next two subchapters the 
properties of gasoline and oil are analyzed with regards to the device. 
 
 
5.1 Gasoline analysis 
 
The ERASPEC strictly complies in all aspects with the requirements of the latest American 
and European standards ASTM D 5845, ASTM D 6277 and EN 238 for the measurement of 
the following parameters: 
 
15 Aromatics:  
Benzane (ASTM D 6277, EN 238) 3-Ethyl toluene 
Toluene 4-Ethyl Toluene 
o-Xylene Mesitylene 
p-Xylene Pseudocumene 
m-Xylene Hemellitol 
Ethyl benzene Durene 
Propyl benzene Napthalene 
2-Ethyl toluene  
  
11 Oxygenates (ASTM D 5845):  
4 Ethers: 5 Alcohols 
MTBE Methanol 
TAME Ethanol 
ETBE Iso-Propanol 
DIPE 2-Butanol 
 tert-Butanol 
Other Oxygenates  
Dimethoxymethane (DMM)  
Dimethylcarbonate (DMC)  
  
Total Parameters:  
Oxygen Saturates 
Oxygenates Diolefins 
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Aromatics Anilines 
Olefins  
  
Other Parameters:  
MMT, CMT, & Manganese Aniline 
DCPD (Dicyclopentadiene) N-Methylaniline 
 
The density is measured from 0.500 to 1.999 (direct measurement with an internal 
densitometer of the Anton Paar firm according to IP 599, correl. (ASTM D 4052)). The 
properties are: Research Octane Number (RON-correl. ASTM D 2699), Motor Octane 
Number (MON-correl. ASTM D 2700), Anti Knock Index (AKI), Distillation points (correl. 
ASTM D86): IBP, T10, T50, T90, FBP. Evaporation points (correl. ASTM D86): E200, 
E300. RVP (correl. ASTM D 5191), Driveability Index (correl. ASTM D4814). 
VOC Emissions Calculator, and ten more additional freely programmable parameters. 
 
The above in tabular form with the traceability and repeatability limits recorded, are 
summarized as follows: Table 5.1.a and Table 5.1.b  [13] 
 
Table 5.1.a 
Substance Range Repeatability at: 
Detection 
Limit 
     
Benzene 0 − 10  Vol% 0.018 Vol% @ 0.5 Vol% 0.06 Vol% 
  0.024 Vol% @ 1 Vol%  
  0.07 Vol% @ 2 Vol%  
  0.1 Vol% @ 5 Vol%  
Toluene 0 − 20 Vol% 0.3 Vol% @ 7 Vol% 0.5 Vol% 
m-Xylene 0 – 20 Vol% 0.2 Vol% @ 5 Vol% 0.6 Vol% 
o-Xylene 0 – 20 Vol% 0.2 Vol% @ 6 Vol% 0.6 Vol% 
p-Xylene 0 – 20 Vol% 0.2 Vol% @ 6 Vol% 0.7 Vol% 
Ethylbenzene 0 – 20 Vol% 0.2 Vol% @ 6 Vol% 0.7 Vol% 
Propylbenzene 0 – 20 Vol% 0.2 Vol% @ 5 Vol% 0.8 Vol% 
4-Ethyltoluene 0 – 20 Vol% 0.2 Vol% @ 5 Vol% 0.6 Vol% 
Pseudocumol 0 – 20 Vol% 0.2 Vol% @ 5 Vol% 0.7 Vol% 
Mesitylene 0 – 20 Vol% 0.2 Vol% @ 5 Vol% 0.6 Vol% 
All other Aromatics 0 – 20 Vol% 0.2 Vol% @ 5 Vol% 0.7 Vol% 
     
MTBE 0 – 20 Vol% 0.08 Vol% @ 6 Vol% 0.5 Vol% 
  0.2 Vol% @ 13 Vol%  
ETBE 0 – 25 Vol% 0.1 Vol% @ 9 Vol% 0.5 Vol% 
TAME 0 – 25 Vol% 0.1 Vol% @ 11 Vol% 0.5 Vol% 
DIPE 0 – 20 Vol% 0.1 Vol% @ 10 Vol% 0.5 Vol% 
Methanol 0 – 15 Vol% 0.05 Vol% @ 5 Vol% 0.5 Vol% 
Ethanol 0 – 25 Vol% 0.15 Vol% @ 10 Vol% 0.5 Vol% 
  0.2 Vol% @ 24 Vol%  
tert-Butanol 0 – 25 Vol% 0.1 Vol% @11 Vol% 0.5 Vol% 
All other Oxygenates 0 – 25 Vol% 0.1 Vol% @ 10 Vol% 0.5 Vol% 
     
Total Oxygen 0 – 12 Vol% 0.04 Vol% @1.6 Vol% 0.09 Vol% 
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Table 5.1.a (cont.) 
Total Olefins 0 – 80 Vol% 0.7 Vol% @ 15 Vol% 0.5 Vol% 
Total Aromatics 0 – 50 Vol% 0.8 Vol% @ 33 Vol% 0.5 Vol% 
Saturates 0 – 100 Vol% 1.1 Vol% @ 45 Vol% Not applicable 
Di-Olefins 0 – 15 Vol% 0.18 Vol% @ 5 Vol% 0.2 Vol% 
     
DCPD (Dicyclopentadiene) 0 – 15 Vol% 0.11 Vol% @ 5 Vol% 0.5 Vol% 
MMT (100 µm-cell) 0 – 10000 Vol% 4 mg/l @ 80 mg/l 20 mg/l 
CMT (100 µm-cell) 0 – 10000 Vol% 7 mg/l @ 80 mg/l 20 mg/l 
Manganese (by MMT) 0 – 2500 mg/l 1.3 mg/l @ 80 mg/l 5 mg/l 
 
 
Table 5.1.b 
Parameter Range Repeatability at: 
    
RON 70 – 110  0.4 @ 92 RON 
MON 60 – 100  0.3 @ 82 MON 
AKI 65 – 105  0.3 @ 87 AKI 
    
IBP 20 – 50  1.8 @ 37 °C 
T10 30 – 70  3.3  @ 67 °C 
T50 65 – 130  5.5 @ 95 °C 
T90 140 – 190  6.2 @ 150 °C 
FBP 160 – 220  5.2  @ 195 °C 
DVPE 45 – 100  2.8 @ 60 kPa 
    
Density 0.5 – 1.999 gcm
-3
 0.0006 gcm
-3
 @ 0.7800 gcm
-3
 
 
Note 1: The range and repeatability of the calculated parameters (RON, MON, AKI) depend 
on the database used. 
 
Note 2: The repeatabilities listed were measured with one scan per measurement. The 
repeatability can be improved by averaging two or more scans per second. 
 
 
5.2 Diesel analysis 
 
ERASPEC, for diesel sector works quite similarly as in gasoline and follows exactly the 
requirements of the European Regulation EN 14078 and measures the following parameters: 
 
Concentrations: 
Biodiesel (FAME) (ASTM, EN14078), Polynuclear Aromatics (PNA), Aromatics Cetane 
Improver (2-EHN). 
 
Distinction between FAME (Biodiesel) and vegetable oil: Separate calibrations for different 
FAME types. 
 
Density 0.500 – 1.999 g/cm
3
 (There is internal densitometer of the Anton Paar firm 
according to IP 559, correl. ASTM D 4052). 
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Properties: 
Cetane number (correlation to ASTM D 613) 
Cetane Index (correlation to ASTM D 976 and ASTM D 4737) 
Distillation points (correlation to ASTM D 86): IBP, T10, T50, T85, T90, T95, FBP 
+10 Freely programmable parameters 
 
All the above are summarized in the following tables, where the detection limits and 
repeatability are shown. Table 5.2.a and Table 5.2.b.  [13] 
 
Table 5.2.a 
 
Concentration 
of: Range 
Standard 
Deviation 
Repeata-
bility at: 
Detection 
Limit 
      
Biodiesel (FAME, 
FAEE) 
0.2 – 65 Vol%  0.07 Vol% 0.2 Vol% 0 – 10 Vol% 0.08 Vol% 
  0.12 Vol% 0.3 Vol% 10 – 30 Vol% - 
      
Total Aromatics 0.5 – 60 Vol% 0.13 Vol% 0.3 Vol% @ 20 Vol% 0.5 Vol% 
Polynuclear 
Aromatics (PNA) 
0.5 – 50 Vol% 0.03 Vol% 0.1 Vol%  @ 5 Vol% 0.5 Vol% 
      
Cetane Improver 
(2-EHN, IPN) 
50 – 20000 mg/l 9 mg/l 23 mg/l 0 – 800 mg/l 50 mg/l 
Dimethoxymethane 
(Methylal)  
0 – 20 Vol% 0.01 Vol% 0.02 Vol% @ 0.4 Vol% 0.06 Vol% 
  0.06 Vol% 0.18 Vol% @ 2.5 Vol% - 
  0.2 Vol% 0.6 Vol% @ 20 Vol% - 
 
 
Table 5.2.b 
 
Parameter Range 
Standard 
Deviation Repeatability at: 
     
Cetane Number 20 – 80  0.32 0.8 @ 50 
Cetane Index 20 – 80  0.25 0.7 @ 50 
Τ90  0.4°C 1.0°C @ 330°C 
     
Density 0.5 – 1.999 gcm
-3
 0.0002 gcm
-3
 0.0006 gcm
-3
 0.7800 gcm
-3
 
 
Note 1: The range and repeatability of the calculated parameters (Cetane Number, Cetane 
Index, T90) depend on the database used. 
 
Note 2: The repeatabilities listed were measured with one scan per measurement. The 
repeatability can be improved by averaging two or more scans per measurement. 
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6. Database 
 
 
It is essential before analyzing anything to make clear that the section of the device for diesel 
works completely the same way as for gasoline. However for both sections different cells (in 
the interferometer), different memory sections and different database are used. In other 
Eraspec instruments there is the analysis option "Jet Fuel" or "Synthetic Fuel" or "Methanol 
Fuel". These options are selected by the customers according to their needs. The Eraspec 
instrument of the NTUA Laboratory for fuels and lubricants, offers the option for the 
analyses "Gasoline" and "Diesel". The choice is made by the user as soon as the instrument 
has been activated and stabilized. Details of the operation are given in the following 
chapters. The calibration was conducted in both sections, therefore whatever is said and 
referred to for one of them, fully applies for the other as well.  
 
 
6.1 Libraries 
 
The database for gasoline is structured in "LIBRARIES". The instrument has 3 libraries for 
each sector. Each library contains gasoline spectra the peaks of which have matched with 
their measured standard properties. Based on these spectra the properties of unknown 
samples are predicted. The software uses statistical methods described in the theoretical part 
to better match with the library spectra. The libraries of the instrument contain hundreds of 
spectra from all over the world, which have been entered by the factory. Nevertheless the 
manufacturers highly recommend the enrichment of the libraries with spectra of local fuels 
because they will be closer to the unknown samples they will face during the measurements. 
This makes sense because no matter how much fuels resemble to each other, the supplies of 
the refineries in a northern country are different from the supply of crude in EL.PE. 
Moreover, even in the same refineries of a country sometimes it is possible the supply to 
change and therefore the composition of crude. All these factors influence the composition of 
the final product. Thus the enrichment with new libraries from domestic refineries may 
improve results and make the instrument more effective. That is, the ideal library for Greece 
would be the one that would have been made with samples of known properties from the 
EL.PE and MOTOR OIL HELLAS refineries. 
 
Nevertheless, because in order for someone to get samples with certified properties from the 
refineries which is a time consuming process, calibration is considered to be of great 
importance and the instrument provides a very user-friendly software which makes the  
whole procedure even more facile. 
 
 
6.1.1 Library enrichment procedure 
 
For an analyst to enter new data in the libraries of Eraspec, a sequence of events must take 
place. First he has to become familiar with the instrument and be trained to conduct 
measurements. This also includes individual settings such as repeatability and safety levels. 
Immediately after the user learns how to make new libraries and also which properties are 
demanded by the instrument for the calibration. So, in the last and most time consuming step, 
the user will know which properties should be stated on the certificates of the refineries in 
order to enter them in the libraries. 
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6.1.2 Starting the instrument and the reference measurement 
 
It should be noted that regardless of which method is selected, diesel or gasoline, the 
measurement is conducted in exactly the same manner. The only thing that changes is the 
cell of the interferometer being used. Obviously there is differentiation in the databases used 
and in the results, i.e. with the change of method some other section of the instrument's 
memory is in use. 
 
The instrument is switched on by pressing the start button. It will load the software. During 
this process, the LED on the front screen will flash. Loading software takes about 35 
seconds. After that, the instrument remains inert until the temperature of the Laser operation 
is stabilized. 
 
When the software is activated, the regulator of Laser is activated (the regulator is a software 
as well which depending on the circumstances regulates the movements of the Laser), and 
the message "wait for laser controller" appears on the screen. Because the instrument has just 
started, it automatically receives a reference spectrum "Reference". This is nothing more than 
a measurement of the air present in the cells in order for the instrument?s sensors to be 
adapted. The controller thus orders the preheating of the Laser (to carry out the reference 
measurement) and the display is: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After this, the device automatically will load all available reference spectra. "Reference". If 
the most recent report available in the memory is more than one hour (in hours of operation) 
a measurement of a new reference spectrum starts automatically. More about the "Reference" 
are listed below. The display is: 
 
 
 
Fig.6.1.2.a 
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Then the source of infrared and Laser are activated: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.1.2.b 
 
 
Fig.6.1.2.c 
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The scanning for measurement of the spectrum starts: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After measuring the "reference sample", the instrument is ready for measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.1.2.d 
 
 
Fig.6.1.2.e 
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The above Figure is the original display and the menu of the instrument software. 
 
Field "Fuel Type": selects the type of fuel for analysis. This instrument has installed software 
for gasoline and diesel. 
 
Field "Sample ID": the user enters the name that later will appear in the results of the 
measurements he will perform. 
 
Regarding the "Reference": Eraspec needs a reference spectrum in order to conduct the 
measurements accurately. The reference spectrum is essentially a spectrum obtained without 
sample. The spectrum obtained from a sample during the course of a measurement is then 
subtracted from the reference spectrum. This way any influence on the spectrum which is not 
due to the sample (such as the lines of the water vapors and carbon dioxide, or the influence 
of the dependence of the wavelength of the source of infrared emission) is removed so that 
only "clean" absorption spectrum of the sample is obtained which later is analyzed to 
determine concentrations and calculate properties. 
 
In normal mode, the reference spectrum is automatically exported in the following cases: 
 
1) After the instrument is switched on and the last reference spectrum stored in the memory 
is longer than one hour. 
 
2) During normal operation, when the last report is more than an hour. 
 
3) During normal operation, when the temperature of the spectrophotometer changes by 1° 
C (1.8°F) from the last measurement of a reference spectrum. 
 
The numbers appearing under the button (i.e. 1302210900) mean "YYMMDDhhmm", i.e. 
year, month, day, hour and minute that the reference measurement was conducted. 
 
The option "Libraries": It is examined below and is the libraries used by the instrument to 
output the results. Aim of this work is to enrich the instrument with new libraries which will 
contain as many as possible fuel spectra with properties similar to those of the test samples. 
 
From this menu the user can see which libraries are in use and which are available. In 
addition he can see what are the spectra saved in the libraries and by whom user. Depending 
on the user rights of each user, deleting spectra and even entire libraries is possible. 
 
The option "Options": The user selects how many scans should be done per measurement 
and also how many times the pump will be used in order for a measurement to be done. This 
way the accuracy of the results and the signal-to-noise ratio (SNR) described above in the 
theory, increase. 
 
Eraspec usually takes spectral data during a scan and calculates the spectrum and all the 
results based on this scan. However, to improve the SNR of the spectrum and hence the 
repeatability, it is possible to make more than one scans for one measurement. From the 
scans the average will come out thus reducing the noise in the data. Ideally, taking the 
average of N spectra, the noise will be reduced by a factor √N (square root of N). Each scan 
lasts about 18 seconds, so for every additional scanning the time of the measurement 
increases by 18 seconds. 
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The maximum number of scans is 8, but by the manufacturer it is recommended maximum 
use of four scans for one measurement. 
 
Field "Operator": Its usefulness has to do with the clear distinction between users and their 
rights with regards to the access of each one in the instrument. Users? levels are 6 with serial 
degree of accessibility. In order for a user to increase his degree he must know and enter a 
specific code. More specifically: 
 
User level 1: It is the lower level with more restrictions. At this level the user can only 
change the sample ID and the user's name. He can make sample measurements, get reference 
samples, can see and print results, but also to save them and get in a USB stick. All other 
parameters are not accessible or even not visible and therefore can not be modified. This step 
allows completely unskilled users to make measurements without the risk of making any 
mistake. 
 
User level 2: Allows the same functions as in level 1, and additionally, samples with known 
properties may be added to the database. This is an indication that highlights the importance 
of continuous calibration and enrichment of the instrument library with spectra of known 
properties. 
 
User level 3: Allows the same functions as in level 2. In addition, all functions in in the 
libraries can be done, and the results lists can be configured by selecting "Column" in the 
results menu. 
 
User level 4: Allows the same functions as in level 3, and further, the parameters shown in 
the menus "Ports" and "General" can change. Also accessible at this level are the settings in 
the results menu. 
 
User level 5: Allows the same functions as in 
Level 4, plus the code can be changed 
(Fig.6.1.2.f). 
 
User level 6: Allows the same functions as in 
level 5, and further gives full access to the 
menu "Maint" (maintenance and service menu) 
which normally is not displayed, and to the 
menus "Network", "App" and "Test". 
 
It is very important and must be noticed that 
never must parameters or settings be changed 
in the menu "Maintenance" without the 
supervision of the local representative or of 
Eralytics. Changing parameters may cause 
damage to specific elements or make the 
correct measurements impossible. In addition 
one should never use the sixth level for routine 
measurements with Eraspec. The menu of 
safety levels is shown in Fig.6.1.2.f.  
   
Fig.6.1.2.f 
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Fig.6.1.3.a 
 
6.1.3 Start of a normal measurement 
 
The user being in the main screen (Fig.6.1.2.a) and all the previous steps have been done, 
he is now ready to make the first measurement. Having a sufficient amount of sample (over 
15 ml) places the tube in the sample and presses the "RUN" key either the button or on the 
touch screen. 
 
Before conducting any measurement the user must ensure that the waste container is in the 
correct position and not completely full. 
 
If desired, the user can send air to pass through the system by pressing the "EMPTY" key. 
The same way the user also can "flush" the system if the nature of the samples he analyzes is 
changed completely. If e.g. he was measuring gasoline and now needs to pass to diesel, he 
should make 3-4 "rinses" before proceeding to measurements. 
 
A measurement can be stopped at any time by pressing "STOP" (either the button or on the 
touch screen). 
 
After the command "RUN" is pressed, the screen changes showing the sequence in which the 
measurement is being made. 
 
First the sample is automatically sucked (filling process) by means of the pump inside the 
instrument. When this process is completed, the instrument asks the user to remove the tube 
from the sample. The tube must be placed in an empty bottle to avoid fumes in the 
laboratory. 
 
Simultaneously with the filling process, the infrared source is activated, and then it takes a 
few seconds until the stabilization of the source and the infrared detector. After that, it starts 
the data scan as described in the beginning the 
spectroscopic measurement. 
 
Finally the sample is removed from the system 
and discharged into the waste container.  
Together with the removal of the sample, the 
spectrum and the results are being calculated. 
These calculations last only 10 seconds. When 
the measurement is finished the results are 
displayed and saved in the results memory. 
 
The whole measurement is fully automated and 
takes about 60 seconds. It shows huge 
similarities with the reference measurement. 
 
The sequence of events such as shown by the 
instrument and as described above during the 
course of a standard measurement is as 
follows: 
 
- Preparing the process (Fig.6.1.3.a). 
 48 
 
 
 
Fig.6.1.3.b 
 
 
 
Fig.6.1.3.c 
- During the filling process, the infrared 
source is activated (Fig.6.1.3.b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- The instrument asks the user to remove the 
tube from the sample (Fig.6.1.3.c). 
 
 
- In this latter case the user is good to 
remove the tube while pressing the OK 
button. Moreover there should exist an 
empty sampling bottle nearby so that the 
pipe be placed there. If the pipe is not 
removed and a reasonable time passes by, 
about 30 seconds, then Eraspec continues 
the movement of the interferometer 
normally. This is not good of course  since 
it can give distorted results 
 
 
. 
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Fig.6.1.3.d 
 
 
 
Fig.6.1.3.e 
 
- Immediately after is activated the Laser 
(Fig.6.1.3.d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- After a few seconds, when all sources and 
sensors are stabilized, scanning for data 
acquisition starts. The sensor signal appears 
live at the bottom of the screen (Fig. 
6.1.3.e). 
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Fig.6.1.3.f 
 
 
 
Fig.6.1.3.g 
 
- When data collection is complete, the pump 
starts to remove the sample from the 
system (Fig. 6.1.3.f). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Usually, even when the pump is still 
working, the list of results is displayed on 
the screen (Fig. 6.1.3.g). 
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Fig.6.1.3.h 
 
 
 
Fig.6.2    The libraries menu 
 
- Otherwise at the end of the measurement 
again the main screen is displayed and the 
user manually goes to the results menu. 
That is, he presses the "Result" key and the 
image at the left is displayed (Fig. 6.1.3.h). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Either one or the other case, it would be the right time for the sample under measurement to 
be recorded in the libraries. Thus, we call this point, point A and later we will return to that. 
The explanation of creating a new library is preceded, and the next chapter refers just to that. 
 
 
6.2 Creation of a new library 
 
From the main menu: "Libraries" > "New" the 
user enters the name of the future library and 
then confirms it by pressing "New" (Fig.6.2). 
At previous time he has created a new library, 
within which he will enter the new samples. 
He also might enter the samples into an 
existing library, that is to enrich it. However it 
is more correct to separate libraries depending 
on the samples they contain i.e. to be grouped. 
Other library for EL.PE, other for MOH, and 
others for the factory. This must occur because 
if all samples were entered in one library, the 
user would be not able to remove some of 
them, depending on the analysis he wants to 
conduct. It would be unavoidable to take into 
account all the spectra. Also in this instrument 
there has been created a new library with the 
name "New Samples" in which members of 
the  laboratory  will  enter  samples  of  known  
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Fig.6.2.1.a 
 
 
 
Fig.6.2.1.b 
 
properties if they come in their possession. 
 
 
6.2.1 Input of samples in the libraries 
 
Let us return now to the time point A of 
section 6.1.3 where immediately after the 
measurement the results are displayed on the 
screen. The user simply presses the key "Add" 
for direct input of them into one of the 
libraries. Alternatively the user goes to the 
option: "add to lib" provided he is already in 
the subsection "Result" and has marked the 
sample for which he knows its properties. 
 
- Direct "Add" (Fig.6.2.1.a). 
 
 
 
 
 
 
 
 
 
 
 
 
"Add to Lib" (Fig.6.2.1.b). 
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Being at menu "Result" and after having marked the desired sample, press the "Add to lib" or 
if "Add" had been used, a list of all available properties calculated with the use of the 
database appears on the screen. 
 
 
 
   
Fig.6.2.1.c     Gasoline  Fig.6.2.1.d     Diesel 
 
The left figure concerns Gasoline and the right one Diesel. In these windows the user enters 
the values from the refineries and confirms by pressing "OK". Values with decimal points 
with comma (,) are entered in the system with a corresponding dot (.) In case of entering 
comma, the instrument halts and switches off automatically, resulting in major loss of time. 
 
It is obvious that great emphasis is given to distillation temperatures, because most 
conclusions for other properties of the measured samples as well, depend on them. 
 
This way, the peaks of the spectrum obtained by the measurement are assigned to the 
certified properties. Therefore this spectrum is "baptized" on the basis of the standards and is 
now available in the library. For maximum accuracy, it is advised that many samples from 
the same bottle to be entered in the library more than once. This reduces even more the 
potential error of the instrument. Finally this spectrum is saved in any library that the user 
wants. The need for more than one inputs, is understandable by errors in some values in the 
exported spectra of the following chapters. 
 
 
6.3 Refinery protocols 
 
As part of this work the calibration of ERASPEC with samples of known-certified properties 
from these two companies (EL.PE and MOTOR OIL HELLAS) was conducted. 
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Specifically, 30 sample bottles with gasoline and 13 bottles with diesel were received, each 
bottle containing approximately 100 ml of gasoline or diesel. Each bottle had a tag with a 
protocol number and a tank code. The document accompanying the samples contained the 
date and time of sampling and the tank the sample was taken from. The protocols received 
had distinct differences between them, i.e., some did not contain all the properties that 
Eraspec accepts for the calibration, while others had so little information that it was 
necessary to send the codes back in order for new certificates to be issued. More clearly the 
differences are shown and are analyzed below. 
 
Indicative protocols were of the following formats: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the protocol depicted above (Fig.6.3.a) are listed: 
 
1) Top left corner, the serial number 
2) Immediately below, the date of sampling 
3) "UNL2000" is the code of the tank and immediately below the exact time of sampling 
4) "GASOLINE UNLEADED 95 RON" is the category of gasoline based on the octane 
number 
5) Code 2401A is the sample code, marked on the bottle 
 
In total 15 such samples were received, 3 of which were with wrong certificates and 
therefore not used. From the 12 correct samples, their codes and the corresponding sampling 
dates were: 
 
 
 
 
 
Fig.6.3.a    Gasoline Sheet, Cetane number 95 R, from MOH (Motor Oil Hellas) 
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Date Code Octanes 
14/4/2014 2401Α 100 
15/4/2014 2401Β 95 
20/4/2014 2401Α 95 
28/4/2014 782 95 
1/5/2014 785 95 
13/5/2014 2401Α 95 
13/5/2014 8107 95 
14/5/2014 2401Β 95 
16/5/2014 2401Β 95 
17/5/2014 2401Α 95 
20/5/2014 2401Β 95 
22/5/2014 704 95 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.3.b    Certificate for Diesel sample, from MOH 
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Regarding the above certificate (Fig.6.3.b) the paper was torn so that the rest of the data are 
not shown. When it was received was accompanying the sample bottle. Similarly, the next 
certificate (Fig.6.3.c) was truncated and accompanying the sample bottle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.3.c    Certificate for Diesel sample, from MOH 
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Only the characteristics of Olefins and Aromatics relating to instrument calibration were 
recorded on the next sheet as well as on the rest that were taken from the same batch of 
samples. Therefore these codes were gathered and sent back to the refineries in order for 
them to send correct certificates with the rest of the necessary properties of the same 
samples. Totally, the samples of this type were 10, and their codes are shown below. 
 
The code here is the number of handwritten characters, i.e. 2286192. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On this specific sheet (Fig.6.3.d) the exact time that the sample was acquired, and also the 
time that it was processed are clearly recorded. This is observed on all the sheets of this type 
and the time difference of sampling is minimal, making the results even more reliable. The 
identity characteristics of these 10 samples are: 
 
 
Fig.6.3.d    Certificate from EL.PE 
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Sample name Code (LIMSID) 
763a 286192 
764a 31/05/2014 2281825 
763A 03_06_14 2282751 
763B 10_06_14 2284179 
763a 2286879 
764a 2287550 
711a 2288477 
764A 24_06_14 2290243 
763 Β 27_06_14 2291620 
763 Α 01_07_14 2292857 
 
The following sheet (Fig.6.3.e) was received from EL.PE company and in one page the 
certificates for five samples of gasoline are shown. In this case the name and the protocol 
number of the sample are displayed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.3.e    Certificate of five gasolines, from EL.PE 
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The identity characteristics of these 5 samples are: 
 
Sample name Protocol Number 
763A 2195363 
763A 2199313 
764A 2202199 
763B 2200869 
711A 2267691 
 
 
The sheet of the next page (Fig.6.3.f) is only for a single diesel sample. 
 
This was the most complete and gives information on the following: 
1) Plant Code (tank): P-8714A 
2) Date: 06/05/2014 at 11:12 
3) Protocol number (ID): 2283821 
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Fig.6.3.f 
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7. The statistical methods in the instrument 
 
 
As previously discussed, Eraspec needs a library or database containing spectra and known 
values for calculated properties such as octane number, distillation properties and other 
parameters. When an unknown sample is analyzed, Eraspec uses two different methods 
called "Cluster Analysis" (CA) and "Multilinear Regression" (MLR). 
 
 
7.1 Results for the calculated properties: "CA" 
 
Cluster or complex analysis is the task of grouping a set of objects in such a way that objects 
in the same group (cluster) is more similar (on a property) to one another from others 
belonging to other clusters. As just discussed in the theoretical part, depending on the grade 
of the differences between the patterns and the unknown spectrum they are characterized as: 
 
Cluster analysis: CA1, CA2, CA3 and CA4 
 
Cluster analysis is based on the following principle: The spectrum of the unknown sample as 
well as of any sample in the libraries being used is compared in specific spectral regions 
(peaks) and automatically, a very small limit is set for the difference. If the difference is less 
than the limit, the sample from the library is very close to that of the unknown spectrum, 
hence the properties of the unknown and of the corresponding in the library will be almost 
similar (very close). Finally, the properties of the sample in the library are given as results for 
the properties of the unknown sample. 
 
If more than one sample in a library have differences greater than the limit, then the result of 
the properties of the unknown sample is the average value of the properties of all the samples 
that are above the limit. 
 
If at least one sample from the database is found under the original very low limit, then 
"CA1" appears in the corresponding line in the list of the results, indicating this way that at 
least one such sample was found during the first repetition. 
 
If no sample based on the original very low limit is found, then the limit is doubled, and the 
calculation is repeated. If at least one sample from the database is found within the new limit, 
then the results will be displayed as described above, and "CA2" appears. 
 
A third and a fourth repetition are performed with increasing limits and "CA3" or "CA4" are 
displayed after the corresponding repetition if one or more samples of the library found 
within the limits. 
 
If even then there is not any sample found in the database, the cluster analysis process stops, 
and the MLR method is applied. The MLR is described below in detail. 
 
When the cluster analysis is used, Eraspec can also display the samples that were found in 
the library, in the list of results. 
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Fig.7.1.a 
 
 
 
Fig.7.1.b 
 
Clicking on any gray box with the number at 
the left side in a line of some property 
calculated with CA, the Fig.7.1.a appears. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7.1.b shows a table that identifies the 
samples found, what libraries they were found 
in, and what parameters the corresponding 
samples were used for. 
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Fig.7.1.c 
 
 
 
Fig.7.1.1 
The number of iterations for each calculated 
parameter with CA, must be set separately  
 
Sometimes the names of the samples are 
insufficient to distinguish which one was used, 
e.g. in cases that two samples have the same 
name. In these cases it is possible to display 
on the screen the date and time of 
measurement: click the large gray field 
"Library" in the header (Fig.7.1.a). 
 
The date and time are displayed along with the 
name of the sample, so that each sample 
library is definitely recognized. 
 
Pressing "OK" you return back to the result 
list. 
 
 
 
 
 
 
 
 
 
 
 
7.1.1 Change the number of repetitions 
for Cluster Analysis 
 
In CLU line (Fig.7.1.1), the number shown in 
the white box next to the "iterations", indicates 
the number of repetitions that will occur, with 
increasing acceptance limits in order for a 
matching spectrum from the library to be 
found as described in section "Cluster 
analysis: CA1, CA2, CA3 and CA4 ". 
 
Usually 4 such repetitions are made. If you 
need to do less or more repetitions, the user 
sets the desired number in the "iterations" box. 
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Fig.7.1.2.a 
 
 
 
Fig.7.1.2.b    Peaks for CA 
 
7.1.2 Choosing the peaks to use for CA 
 
In order to find a possible match, all the peaks 
present in the library are used to be compared 
with the unknown spectrum. Only if all the 
peaks are sufficiently close, then the spectrum 
is acceptable for CA. 
 
If for some reason, not all the peaks are used 
for CA it is possible to exclude one or many of 
them. In CLU line (Fig.7.1.2.a), the number 
shown in the white box next to the "PeakVec" 
is usually 0, which means that all the peaks are 
used for comparison. 
 
To exclude peaks, the user must enter a 
different value in this box. 
 
 
 
 
 
 
 
 
 
 
Then the user touches the green box ".." button 
next to "PeakVec" (Fig.7.1.2.a) and the list of 
all the peaks used for CA appears (Fig. 
7.1.2.b). 
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Fig.7.1.2.c 
 
The user can move the peaks not used from 
the right box to the left indicating "Available" 
(Fig.7.1.2.c). 
 
Press the OK key to enter this new option. The 
peaks that were shifted in the left box will not 
be used to determine whether a spectrum that 
exists in the library is quite matching with the 
unknown spectrum. 
 
"PeacVec" for the CA must be set differently 
for each parameter calculated with CA. 
 
 
 
 
 
 
 
 
 
 
 
 
7.2 Results for the calculated properties: "MLR" 
 
Generally the MLR (Multiple Linear Regression) as discussed in the theoretical part is an 
approach for modeling the relationship between a scalar dependent variable y and one or 
more independent variables x (perhaps not statistically independent). In the case of one 
independent variable the process is called Simple Linear Regression. For more than one 
independent variables the method is called Multiple Linear Regression. 
 
The MLR is a standard procedure used in many different applications in spectroscopy and 
other fields for data analysis. 
 
The MLR uses the entire database (libraries) chosen for the measurement and calculates 
coefficients for each of the regions of the spectra used for the calculation of properties. Then 
from the values of the corresponding spectral regions of the unknown sample and these 
coefficients the properties are calculated. If the results are obtained this way, then the 
indication "MLR" appears for the corresponding values in the list of results. 
 
To activate the MLR and set it to function for a property, a minimum number of 40 samples 
is required which must have this property being of known value. If the library or libraries 
used contain fewer than 40 values for a property, the MLR can not function for this property. 
 
 
7.2.1 Accuracy and deviations 
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The CA works only if at least one sample from the database is very close to the unknown 
sample. The results obtained this way are usually very accurate. Of course, for the CA to 
work, a database with samples representative of the unknown samples which are analyzed is 
required. For example, most suitable of all would be a library of samples from the MOH (for 
unknown sample from AVIN station) 
 
The MLR works anytime. The accuracy of the results obtained this way is usually lower than 
that of the CA, but if the unknown sample is not so different from samples that exist in the 
database, the results usually remain good. 
 
A statistical measure of how well an unknown spectrum is represented by the database is the 
"Mahalanobis" distance, or in short "Maha distance". This distance is calculated and also 
appears in the results menu as Maha Distance. The smaller this distance, the better the 
spectrum is represented in the database. 
 
What can also happen is that the unknown sample is not sufficiently represented in the 
database, for example, all the samples are very different from the unknown. In this case the 
sample is called "outlier", because it "lies outside" of the samples in the database. 
 
Outlier (in statistics): A point (observation, experiment, measurement and so on) which lies 
substantially away from the other points, that is outside the range of sample libraries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Mahalanobis distance can also be used to set a criterion to detect such deviations. 
 
The calculation of the properties uses 25 different regions of the spectrum. If the database 
uses N samples, then an unknown sample is acceptably expressed if the Mahalanobis 
distance D
2
 is less than (3 x 25) / N, according to the general formula: 
 
D
2
 < (3 · M) / N        (M=number of the spectrum regions, N=number of samples in the database) 
 
If D
2
 is greater than this limit, the unknown sample should be considered divergent (outlier), 
and the results on the properties of the samples showing this deviation will have, on average, 
lower accuracy. 
 
 
Fig.7.2.1    A point that does not keep up with the "logic of prediction" 
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Fig.7.2.2.a 
 
If such divergent results are found regularly, the best solution is to construct a library with 
them if there are some properties or even one known property. Their input in the libraries is 
performed as previously described. 
 
 
 
7.2.2 Change of the MLR model 
 
This function described here is accessible for users of fifth or higher level. 
 
As previously explained in the CA and the MLR section, Eraspec uses the MLR method 
when the CA can not be applied. For this calculation, regions of the spectra that match well 
with the calculated properties are selected. 
 
A specific selection of spectral regions is called "model". 
 
This selection of the model can be changed if the components present in the gasolines are not 
present in the standard MLR model, or vice versa. 
 
 
 In the menu of the results the Edit: Result key 
 is pressed (Fig.7.2.2.a). 
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Fig.7.2.2.b 
 
 
 
Fig.7.2.2.c 
 
In the right white box, the user selects the 
parameter for which the model must be 
changed by touching the parameter name, and 
then selecting the submenu "Corr" in the top 
box (Fig.7.2.2.b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The method of correlation is selected by 
ticking the boxes CLU or/and MLR. The CLU 
is the CA (Cluster Analysis). Usually both 
methods are selected (Fig.7.2.2.c). 
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7.2.3 The statistical method of Eraspec 
 
For the MLR method, there may be used some statistical functions to calculate how well the 
model can reproduce the known standard values entered in the database, how much linear is 
the model and if there are failure points (outliers) in the database. 
 
The statistical quantitative relationships that Eraspec uses, if n is the number of samples in 
the library of known values, is: 
 
 
SEC = SQR · [(PMLR - PREF)
2 
 /  n] 
 
 
where: SEC (Standard Error of Calibration): is the standard deviation of the calculated values 
and the reference values for all n samples in the library. 
 
Coefficient of determination, R
2
: this gives an estimate of how well a linear model can 
reproduce the known reference values. The R
2 
is a perfect correlation and R
2 
means no 
correlation at all. 
 
Obviously these statistical values will be calculated only for the used libraries. 
 
The following tables (Fig.7.2.3.a and 7.2.3.b) show the function of the reference values (x 
axis) with the values calculated by MLR (y axis): 
 
 
 
 
 
   
Fig.7.2.3.a  Fig.7.2.3.b 
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7.2.4 The selection of a different MLR model 
 
In MLR line, the number displayed in a white box next to the "PeakVec" indicates the model 
used for calculating the MLR. There are twelve standard models for different types of 
gasoline and different properties available. If it is necessary the model for a selected 
parameter to be changed into a different model, the user is asked to enter the number of the 
desired model in the white box next to "PeakVec" in MLR line. 
 
For each calculated parameter, the model can be changed this way, as shown below in the 
table Standard MLR models. 
 
Press the key "OK" to save the changes and return to the results menu ("Result"). If "Cancel" 
is pressed, the changes that were made will not be saved, and the return to the menu "Result" 
occurs. 
 
On the next page are shown in tabular form (Table 7.2.4) the standard MLR models of the 
instrument. 
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Table 7.2.4 
Standard MLR models 
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7.2.5 Change and creation of a model 
 
The standard models are specific for gasoline types for which a factory default database is 
available. 
 
It may be desirable to create or change a new model, for example if a new oxygenate is 
present in gasolines for which currently there is no database and therefore there is not any 
ready model available. 
 
In the results menu, press the "Result" key and choose a calculated property. Then click the 
".." button next to "PeakVec": 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the white box below the "Nr" select either the number of the existing standard model to be 
changed (previous section "Standard MLR models"), or a number between 12 and 20 to 
create a new model. 
 
The white box "used for MLR", shows the regions of the peaks that are defined for the 
selected model. 
 
In the white box "available", all the available additional peaks are depicted. 
 
To add a peak in the model, the user should touch its name in the box "available". The 
selection will turn green. Then the user has to move this peak into the box "used for MLR" 
by touching the button ">>". 
 
The process is repeated so that all the peaks are moved to the selected model. 
 
 
Fig.7.2.5.a 
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To remove a peak is the reverse process i.e. from the column "Used for MLR" move the peak 
to the column "Available". 
 
To save the changes press the "OK" key. If "Cancel" is pressed the changes are not saved. 
 
To use a new model for a calculated property, the correct model number must be entered. 
 
Select the name of the calculated property from the list in the box "shown in result screen" 
(Fig.7.2.5.b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Then the user changes the number in the white box next to "PeakVec" to the number of the 
desired model. 
 
Repeat this process for all the calculated properties for which a new model must be used. 
 
Respectively press "OK" to save and "Cancel" to cancel. 
 
 
7.2.6 The usefulness of FREE parameters 
 
It may be desirable to calculate other parameters of the infrared spectrum as well.  Therefore, 
apart from the standard parameters that exist when the user enters data in the library, there 
are also ten parameters which are called FREE and are defined by the user. 
 
These are FREE01, FREE02, FREE03 .... FREE10. 
 
 
Fig.7.2.5.b 
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An example is a distillation property e.g. "Evaporate at xxx", where xxx is some specific 
temperature. This temperature in some countries is expressed in Fahrenheit scale while in 
others in Celsius scale. The specifications as well, may vary from country to country. 
 
Eraspec has 10 additional such parameters which may be renamed and used in the database 
to make it possible to calculate the additional parameters. Of course, at least 40 samples with 
these properties being known must be entered in the libraries in order for them to contribute 
to the calculation of an unknown sample later. 
 
During the calibration process the text editor renamed the FREE01 into "Sulfur" (sulphur) 
measured in "ppm" and the parameter FREE02 into "DVPE" and in the check box for 
entering the units he selected the option "unit". In other words, for Sulfur in the white box he 
introduced ppm and for DVPE, because unit was not needed, he introduced the word "unit". 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After entering more than 40 samples it was observed that this option was working in 
unknown samples, but with huge deviations. For example, while sulphur in the certificates 
was from 7.8 to 10 ppm with a maximum of 11, in the unknown samples it appeared with 
values 67 to 70 ppm. 
 
After contacting the manufacturer's technician it was understood that: 
 
One can only affect the parameters calculated by the database by adding more samples in it 
and by setting the values. This however does not include properties such as benzene for 
example. These items are separated by other means and are internationally calibrated. 
 
 
Fig.7.2.6 
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FREE parameters can be used to train the instrument to calculate brand new parameters using 
new signals (which are called "peak vectors") from the spectrum, which are already set for 
other parameters. However this does not include new substances. If it is desired for example, 
an alcohol, pentanol, to be measured, the spectrum should be measured in the factory and 
then introduce it in the instrument’s software. Only then the instrument will be able to 
measure the concentration of pentanol in the sample. Of course this works, if the new 
substance can be detected by the instrument and the spectrum of the substance (the peak 
corresponding to it) can be distinguished from other substances’ peaks. 
 
Below is shown a list of all the peaks vectors in the software and can be used for the MLR to 
work. Addition of new vector peaks is only possible in the factory and in no case this can be 
done by the user. 
 
On the next page there is a table (Table 7.2.6) containing all the peaks and their 
corresponding substances.  [13] 
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Table 7.2.6 
Peaks and the corresponding models 
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8. Exporting spectra from the device 
 
 
After enrichment of the libraries, some measurements of samples from intermediate 
distillation products were conducted, in order for them to be compared to each other, but also 
with gasoline spectrum from gas station. 
 
 
8.1 Identification techniques 
 
Before the citation of spectra and the comparison between them, it is important to develop a 
theoretical part which will include a simple strategic for manual identification of spectra. 
There are some general rules that can be used when an infrared spectrum is studied for the 
identification of a molecular structure. These rules are as follows: 
 
1) First the observer looks at the largest wavenumber at the end of the graph (>1500 cm
-1
) 
and initially is concentrated at the large peaks. 
2) For each peak a short list is constructed, using a correlation chart. 
3) In the start of the spectrum the lower wavenumber is used for the confirmation, or for the 
treatment of possible structural elements. 
4) Apparently the observer should not expect to be able to identify each peak in the 
spectrum. 
5) There should be continuous monitoring for "crossing" with a possible substance 
anywhere possible. For example, an aldehyde must absorb near 1730 cm
-1
 and in the 
region 2700-2900 cm
-1
. These were analyzed and are found extensively in Chapter 4 of 
the theory. 
6) The observer must take advantage of both positive and negative signs of the spectrum. 
For example if there is no absorption in the region 1600-1850 cm
-1
, then more than likely 
there is no carbonyl group in the molecule. 
7) Specific intensities of the lines should be encountered carefully. Under certain conditions, 
they might vary considerably even for the same group. 
8) Caution should be given when small changes in wavenumbers are studied. These can be 
affected by the fact that a spectrum is obtained from solid or liquid, or in a solution. If 
extracted from solution, some peaks are very "solution-sensitive". 
9) We should not forget to subtract the solvent’s spectrum if possible, because it would be 
confused with that of the sample. 
 
To make a clear identification through the examination of the infrared spectrum of a complex 
component such as fuel it is not always possible. 
 
In older times, the identification was made manually with atlases containing too many 
spectra. As understood this process was very tedious and time consuming. When the 
substance was identified, it was added in the existing atlases with its turn and enriched them. 
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8.2 Sample types 
 
For the observation of differences between the spectra of fractions of gasoline, seven spectra 
from seven intermediate distillation stages were taken. More specifically the spectra of the 
following fractions were obtained: 
 
1) ETBE 
2) FCC C6 + 
3) Alkylate 
4) C5 Raffinate + TAME 
5) Reformate 
6) Isomerate 
7) LSR 
8) Gas station gasoline 95 R 
 
Regarding diesel the spectra from five different samples were obtained: 
 
1) Light Cycle Oil, MOH 
2) Hydrocracker, Eleusis, HELPE 
3) Hydrotreater, Aspropyrgos, MOH 
4) Hydrotreater Straight run, Eleusis, HELPE 
5) HVO, HELPE 
6) Motor Diesel from gas station 
7) Diesel for heating 
 
 
8.2.1 Sample processing 
 
The export of spectra with USB is itself a special process, but in this work there is no 
meaning for its analysis. More meaningful is the data processing with Excel because there 
the values are pure and errors and discrepancies are seen clearly. In particular, the instrument 
after each measurement gave a file after every 5900 values corresponding to absorption 
values. The absorbance is matched to a wavelength. Based on the instructions book, the first 
absorption value is the wavenumber 631 up to number 4100, with steps of 0.5736. 
 
The wavenumber is converted to wave length by the relation: 
 
k = 2 · π / λ 
 
If k is converted to nanometers the device works from 9.968 to 1570 nm. 
 
It is known that the absorption takes values from 0 to 1. In many cases, however, there were 
negative and also values greater than 1 resulted. It should be recalled that absorption is a 
dimensionless value. At 0 value no absorption occurs while at 1 it takes place fully. The 
continuous spectrum which is suitable for comparison and identification for most of these 
fractions is intermediate of 631 and 2000 cm
-1
. [14] 
 
These errors are due to many factors. Perhaps the most common is the contamination of the 
sample by impurities. (Some of the samples were quite old). Errors due to the  interferometer  
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also took place. If the mirror moves just a little slower than normally, the spectrum becomes 
linear for specific values. These are seen most clearly in the next chapter for spectra display. 
 
 
8.3 Display of spectra 
 
In Excel initially the spectra were made at a wavenumber from 631 to 4000 cm
-1
 at 
absorbance 0 to 1. However, since the functional region for comparison is from 631-1800 
cm
-1
, the spectra were converted to 631-1800 cm
-1
 and absorption from 0 to 0.5. This was 
happening because the high peaks absorbing at 3000 cm-1, in most cases surpass the value of 
1. In the functional region mentioned before, the maximum absorption is about 0.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8.3.a   ETBE spectrum from 500 to 4000 cm
-1
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Fig.8.3.b   ETBE spectrum from 600 to 1800 cm
-1
 
 
 
Fig.8.3.c   FCC C6+ spectrum from 600 to 1800 cm
-1
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From this point on, regarding the presentation of the spectra, only the functional region of the 
spectrum will be displayed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8.3.d   Alkylate spectrum from 600 to 1800 cm
-1
 
 
 
Fig.8.3.e   C5 Raffinate+TAME spectrum from 600 to 1800 cm
-1
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Fig.8.3.f   Reformate spectrum from 600 to 1800 cm
-1
 
 
 
Fig.8.3.g   Isomerate spectrum from 600 to 1800 cm
-1
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As seen above, the strong absorption at about 3000 cm
-1
 has exceeded 1. This is wrong and 
may be due to incorrect conversion of the analog signal to digital one. 
 
On the next page the gasoline spectra joined all together in a common graph are displayed, so 
that their similarities and differences as to a spectrum of a regular gasoline 95 to be easily 
observed. 
 
 
Fig.8.3.h   LSR spectrum 
 
 
Fig.8.3.i   LSR spectrum from 500 to 4000 cm
-1
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Fig.8.3.j   Spectrum of a gas station gasoline 95 R without correction 
 
 
Fig.8.3.k   Spectrum from all the substances without correction in Excel 
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8.4 Comparison of gasoline spectra 
 
In the whole spectrum it is observed, that among these substances there are big similarities. 
However significant differentiation is shown by ETBE. Moreover it is observed that all these 
fractions show a very intense absorbance in common, at about 2926 cm
-1
. It is so intense that 
in most of the substances analyzed it seems as an error, since it surpasses 1. On the basis of 
the theory of Chapter 4, this "joint peak" is due to the stretching of the asymmetric C-H 
bonds in methylene group. 
 
The rest of the comparisons that follow will be made after the isolation of the peaks of the 
spectra under comparison. This way the peaks will be more easily visible and more distinct. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This specific spectrum is from 650 to 818 cm
-1
 with absorbance values from 0 to 0.29 
(Fig.8.4.a). Touching the mouse cursor onto the chart in Excel, the wavenumber where the 
absorptions occur, can be taken. 
 
In this figure we see that there is strong absorption in the points with wavenumbers 676, 695, 
728, 742, 768, 795 and 806 cm
-1
. 
 
The greater absorptions are due to the higher concentration of the ingredients giving the 
peaks. 
 
The correlations for the above wavenumbers are as follows: =C-H bending, C-H bending, 
Methylene rocking, Double 1,2 aromatic, Double 1,2 aromatic, Triple 1,2,3 aromatic and 
Triple 1,2,3 aromatic. Generally the aromatics are from 740 up to 806 cm
-1
. 
 
 
Fig.8.4.a   Spectrum of all fractions from 650 to 818 cm
-1
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In the above image (Fig.8.4.b) the spectrum between 1000 and 1300 cm
-1
 was isolated. 
Strong absorptions are observed at points and regions: 1080-1095 cm
-1
, 1119 cm
-1
, 1190-
1203cm
-1
, 1234-1250 cm
-1
. 
 
Referring to the theoretical part, the conclusions respectively for the parts of the spectrum are 
as follows: 
 
It is likely that all are due to in-plane C-H bending, because the peaks in the spectrum are not 
precisely defined but have indistinct boundaries. An exception may be at 1119 cm
-1
 which is 
possibly due to SO2 symmetric stretching bonding. It is observed, however, that ETBE at this 
specific region shows much more intense absorptions than the other fractions. Isomerate and 
LSR do not almost show any absorption at this specific region of wavenumbers. In addition 
there are many oxygenates contained, since intense absorptions are generally observed. 
 
 
 
 
 
 
 
 
 
 
Fig.8.4.b   Spectrum of the fractions between 1000 and 1300 cm
-1
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The characteristic peaks observed here (Fig.8.4.c) are at the regions: 1364-1365 cm
-1
, 1380-
1392 cm
-1
, 1444-1455 cm
-1
, 1463-1469 cm
-1
, 1487-1497 cm
-1
. 
 
The correlations for the above wavenumbers are roughly as follows: 
 
Nitrogenous aromatic multicomponents with NO2, stretching bond, SO2 symmetric stretching 
bond or Methyl symmetric C-H bending, double bond N=N, methylene group, very typical 
scissoring, C=C stretching bond. 
 
Of particular interest is the study of the very large peak formed in all eight samples 
(Fig.8.4.d). This peak appears at wavenumbers 2924-2935 cm
-1
 and absorbances close to 1, 
that is total absorption is observed. As mentioned in §2.3.3, with almost total absorption little 
light reaches the detector resulting in errors. Generally, in large or respectively in very faint 
absorptions the results are not accurate. This is due to signal-to-noise ratio. 
 
It is observed that the stronger absorption appears at 2924-2935 cm
-1
, while a smaller peak 
occurs before this, at approximately 2892 cm
-1
. Both these peaks are due to aliphatic 
hydrocarbons, with the highest to Methylene asymmetric C-H stretching. The other is due to 
Methyl asymmetric C-H stretching. 
 
 
 
 
 
Fig.8.4.c   Spectrum of the region 1300 to 1500 cm
-1
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8.5 Presentation of diesel spectra 
 
The comparison between the spectra regarding diesel will be made exactly the same way as 
was done in the previous chapter. The only difference will be that all spectra will be 
presented in order from 631 to 2000 cm
-1
 i.e. in their consecutive functional area. Moreover 
in the case of diesel (as in gasoline previously) a very strong absorption is observed. This 
absorption will be explained in detail in this section as well. 
 
Initially, the spectra are presented successively individually below. 
 
Fig.8.5.a: LCO 
Fig.8.5.b: Hydrocracker, Eleusis 
Fig.8.5.c: Hydrotreater, Aspropyrgos 
Fig.8.5.d: Hydrotreater Straight run, Eleusis 
Fig.8.5.e: HVO 
Fig.8.5.f: Motor Diesel from gas station 
 
 
 
 
 
 
Fig.8.4.d   The strongest absorption 
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Fig.8.5.a   LCO 
 
 
Fig.8.5.b   Hydrocracker, Eleusis 
 
 
Fig.8.5.c   Hydrotreater, Aspropyrgos 
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Fig.8.5.d   Hydrotreater Straight run, Eleusis 
 
 
Fig.8.5.e   HVO synthetic diesel 
 
 
Fig.8.5.f   Motor diesel from gas station 
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8.6 Comparison of diesel spectra 
 
Obviously the peaks can not be analyzed by means of this analysis. They should be divided 
into equivalent regions. To facilitate the decision limits that will be introduced in the regions 
of the spectra the composite total spectrum will be used. 
 
Following is the composite total spectrum of the five substances together. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is understood that errors occur in the HVO and to a much greater extent in the LCO. These 
errors are due to processor errors in converting the analog signal to digital. Besides, the 
functional region shown by the instrument is up to 1900 cm
-1
. The identification can be done 
in this region. The total diagram corrected is illustrated as follows (Fig.8.6.b): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8.6.a   Composite total spectrum not corrected 
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It is observed that the most important regions for analysis are: 
 
a) 674-1202 cm
-1
 
b) 1202-1780 cm
-1
 
c) 2609-3190 cm
-1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8.6.b   Composite graph corrected 
 
 
Fig.8.6.c   a) Region 674-1202 cm
-1
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In this Figure (Fig.8.6.c) the wavenumbers or the ranges of interest are: 
 
701 cm
-1
, 724 cm
-1
 (all but LCO), 811-815 cm
-1
, 970, 1037, 1158 and 1171 cm
-1
. 
 
First it is observed that the LCO shows huge differentiations compared with the other fuels, 
which seem to go hand in hand in most of the wavenumber range. 
 
The corresponding substances that cause the absorptions are: 
 
NO2 bending, C-H out of plane or Double 1,3 aromatic or Triple 1,2,3 aromatic, Double 1,3/ 
1,2 aromatic or Triple 1,2,3 aromatic, Aliphatic asymmetric P-O-C stretching bond (much 
higher concentration in LCO), Double S=O stretching bond, Asymmetric SO2 stretching 
bond. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this Figure (Fig.8.6.d) the wavenumbers of interest are: 1307, 1344, 1381, 1405, 1452, 
1469, 1510 and 1608 cm
-1
. 
 
The corresponding interpretation is as follows: 
 
Aliphatic hydrocarbon Methylene wagging, Aromatic C-N stretching. The point 1381 cm
-1 
is
 
observed to be strong and same for all diesel types. It is characteristic Methyl symmetric C-H 
stretching. At 1405 cm
-1 
is a weak absorption =C-H in plane bending. At 1452 cm
-1 
is also an 
aliphatic hydrocarbon bond Methylene scissoring. 1469 cm
-1 
is pure Methyl asymmetric C-H 
stretching. The wavenumber 1510 cm
-1 
is due to stretching of the double bond C=C. Finally 
1608 cm
-1
 is
 
due to Pyridine C=N stretching and to C=C stretching bond. 
 
What makes impression in this picture is the peak of motor diesel at about 1750 cm-1. This 
 
 
Fig.8.6.d   b) Region 1202-1780 cm
-1
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peak is characteristic since it is not found at all in the other spectra and is due to biodiesel 
contained in diesel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is obvious that in this Figure (Fig.8.6.e) there are two peaks. One is located at 2905-2915 
cm
-1
 and the other at 2980 cm
-1
. In addition, the LCO has two peaks very intense. One is at 
3022 and the other at 3054 cm
-1
. The first is absent from the other types of diesel, while the 
other exists in very lower intensity. 
 
The four peaks analyzed in sequence are as follows: 
 
Carboxylic acid O-H stretching bond, Aldehyde C-H stretching bond, Carboxylic acid O-H 
stretching bond, Carboxylic acid O-H stretching bond. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8.6.e   c) Region 2609-3190 cm
-1
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8.6.1 Comparison of motor and heating diesel spectra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is observed in the spectrum that the main differences are located at 1174 cm
-1
 and 1748 
cm
-1
. 
 
As far as the absorption observed at 1174 cm
-1
 is concerned, it is due to Ether C-O stretching. 
Moreover it can be due to Aliphatic C-N stretching. It can also due to SO2 asymmetric 
stretching. The other peak observed universally in motor diesel is due solely to mixing with 
biodiesel. 
 
 
 
 
 
Fig.8.6.1   Comparison of motor and heating diesel spectra 
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9. Conclusions / Results 
 
 
FTIR method offers many advantages for studies of this type. It is the most suitable for 
identifying chemical elements especially in organic compounds. This is because it takes 
advantage of fundamental movements of fundamental particles, i.e. even the slightest 
disturbance of the molecules give absorbance spectrum. This means that the method exhibits 
high sensitivity. This fact, combined with the rapid development of interferometers and 
processors give measurements remarkable accuracy. The interferometers depending on the 
length being traveled and construction materials reduce the analysis to only 1-2 cm-1, while 
the processors convert the analog signal to digital more accurately.  
 
The new statistical methods developed in recent years, in this case the cluster analysis and 
multi linear regression, have been enormously helpful in strengthening the infrared 
spectroscopy for identification of complex mixtures such as fuel. In modern times, the time 
is very important, and these methods contribute to its preservation since in just a few seconds 
are able to select the suitable spectrum from hundreds of others in a multivariate level. 
 
The spectra obtained from fuels in the case of petrol and diesel as well, at about 3000 cm
-1
 it 
was observed a very high peak with almost total absorption. In some cases, the absorbance 
exceeded the value of 1 which is considered an error. This way it was verified what was cited 
in the theory, that is, the noise-to-signal ratio plays a very significant role in the quality of the 
measurements. At very strong absorptions the signal reaching the detector is very weak and 
so the probability of error increases. Respectively, in ranges where no absorptions occur, the 
signal received by the detector is very strong resulting again errors in recordings. 
 
Regarding the spectra in the experimental part, although they were taken from 631 to 4000 
cm
-1
, the ranges that were helpful in the examination and identification were at 600-1600 or 
600-1800 cm
-1
 or less. There, the spectrum was clear and continuous, did not go below zero 
or over the value of 1. That is why this specific range is called the "fingerprint" of the mid 
infrared. Here the spectrum is diversified as to all ingredients and hardly two spectra are 
identical in this region if they are not the same. 
 
A difficulty in the comparison of spectra is the overlaps occurring in wavenumber values. 
That is, the wavenumber matches to many possible molecules. This is where the experience 
and observingness are needed, while at the same time helpful is what happened in the 
experimental part, i.e. "plotting" of spectra in a diagram. 
 
The concept of calibration in this instrument should be that the calibration is continuous 
during all the years of its use. The more samples the user can input the more the 
measurement accuracy will be improved, because the properties of his standards will be 
related to the properties of the samples he will deal with. Therefore it would be beneficial 
whoever in the laboratory has samples of known properties in his possession, he should input 
them into the instrument’s libraries. 
 
An experimental result which is of great interest is the measurement of a gasoline sample by 
using the available libraries that were created during the experiments, and without them. 
Specifically, the New-MOH and HELPE libraries were removed and the results were as 
follows (Fig.9.a and Fig.9.b): 
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Fig.9.a   First results screen without the libraries 
 
 
Fig.9.b   Second results screen without the libraries 
 98 
 
Results with the libraries being available (Fig.9.c and Fig.9.d): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9.c   First results screen with the libraries 
 
Fig.9.d   Second results screen with the libraries 
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The displays are divided into first and second screens since the results do not fit on one 
screen, and the user has to move the cursor downward. As mentioned in the previous 
chapters where the instrument was described, the statistical method used for the calculation 
of a property is written next to the property in the results screen. Here it is observed that if 
the libraries are taken into account, CA4 is used which indicates very high accuracy in 
relation to the MLR used in other cases. Also there is a big difference in the calculation of 
octane number. Generally the convergence by using CA4 although theoretically is the worst 
of the CA, gives very good results. Of course it is very difficult to achieve CA1 unless the 
detector achieves the same standard by which the calibration took place. 
 
Because in the field of gasoline more work was done in the sense that more samples were 
input, the results were improved significantly. In the field of diesel the differences are not yet 
appreciable, that is, the results are almost the same either the new libraries are used or not. 
 
One difficulty that was encountered was the collection of samples. As known fuels never 
come out from the refineries without a cause, because of tax reasons. Therefore each time 
there was a small quantity of fuel taken as well as carefully to avoid any problem at the 
gateway. The laboratories staff in the refineries is constantly busy so the communication 
with them was limited which made the receipt of the samples even more difficult. 
 
Perhaps the calibration that was made has not very good results, since 30 gasoline samples 
95 R, 97 R and 100 R were input into the instrument. For example, only three 100 R samples 
were entered in the libraries, therefore making understandable that it is difficult for an 
unknown sample of 100 R gasoline to coincide with one of these 3. This is because the 
calibration was not with long term samples as for the refineries it is true that they switch 
suppliers or use different tanks. Finally it is understood that 3 samples are a very small 
number to represent the 100 R gasoline that will end up in the analyst's hands as a sample for 
investigation. 
 
Samples entered in the libraries, were entered by the user two and three times each at least. 
This was done for two reasons: In order for the statistical methods of Eraspec to function, it 
is necessary for the same property e.g. the aromatics, that more than 40 samples are available 
so that the software made use of the same because there were not too many new samples. 
The second reason is for repeatability purposes. That is, if some small error occurred to any 
of the three samples, the backup measurements would reduce it significantly. 
 
Samples must be entered quickly i.e. a few days after received from the refineries. Otherwise 
there is a risk of entering adulterated samples, i.e. matching of spectra to properties that do 
not correspond to reality. This can lead to a permanent status of displaying false results. 
Therefore it is necessary that the samples be entered to the libraries directly after they are 
opened, since e.g. the aromatics evaporate immediately. 
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